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Summary
An embedded improved soil raft is a layer of short overlapping soil-cement columns
that are formed by jet grout piling or deep cement mixing which is often used to
stabilise an excavation in soft soils. It is often installed below excavation formation
level prior to excavation. As excavation proceeds, an embedded improved soil
raft would be subjected to lateral compression from the inwards moving retaining
walls. Thus, the mobilised mass properties in the lateral direction, rather than the
material properties from elemental cores, are of direct importance in controlling
the wall deflections and the associated ground movements.
In this research, numerical simulations are employed to examine in a sys-
tematic way various influencing factors, such as layering, overlapping, combined
loading of lateral compression and basal uplifting, non-perfect treatment and hold-
ing piles, which affect the mobilised mass properties of an embedded improved soil
raft. The analysis starts from two soil-cement columns that are assigned with lin-
early elastic material model, arranged just in contact with each other and being
compressed laterally. Subsequently, various assumptions in the initial model are
gradually relaxed so that the model can take into account other influencing factors.
They are geometry arrangement, layering, lateral compression and basal uplifting,
thickness of soil raft, non-perfect treatment and holding piles. Throughout this
Summary vi
study, calibration and verification are carried out to check the numerical results
against analytical solutions or field back-analysed data when possible.
The analysis shows that when the soil-cement columns are arranged in point
contact, the mobilised mass stiffness is very low. This observation is echoed by
reported field back-analysis of deep excavation in soft soil that is stabilised using
embedded improved soil raft. The mobilised mass stiffness can be raised by in-
troducing some degree of overlapping among neighbouring soil-cement columns.
The soil-cement columns formed in the field often have layered properties and it
is shown in this study that the outer layers are more important than the inner
ones in determining the mobilised mass properties.
The analysis in this study shows that the uplifting pressures cause little
changes in the magnitude of the mobilised mass stiffness but reduce the threshold
mass strain where the mobilised mass stiffness starts to drop. The threshold mass
strain is also affected by the thickness to length ratio T/L of the soil raft as well
as holding piles, if present. To extend the threshold mass strain, it is necessary
to increase the T/L ratio or to provide holding piles. But the beneficial effects
of holding piles on extending the threshold mass strain depend on qualities of
the interface zones between holding piles and soil raft. It is also shown that the
impact of non-perfectly treated zones are dependent on the number of such zones
and more importantly how these zones are distributed over the soil raft.
vii
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Chapter 1
Introduction
1.1 Deep Excavation in Soft Soils
Many big cities around the world tend to be located in river deltas where thick
deposit of soft soils can be found. In these urban areas, structures such as building
foundations and service lines are built underground. Even though urban areas are,
almost always, very densely built, deep excavation still has to be carried out, often
in soft soils and near structures or services, due to the constant problem of the
scarcity of land.
Usually, deep excavation is supported by diaphragm wall or sheet-pile wall.
The removal of soft soils can cause wall deflections, which in turn induce ground
movements. The ground movements, if sufficiently large, can cause damages to
adjacent structures and services. Therefore, the control of ground movements
associated with deep excavation in soft soils in urban areas becomes an important
issue.
To control the wall deflections and the ground movements, steel struts are
commonly used. They are installed after excavating down to certain depth. The
excavation then continues until it is necessary to install another level of steel struts.
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This method, however, suffers two drawbacks in the control of wall deflections.
First, the maximum wall deflection occurs below the formation level (Yong et al.,
1989; Lee and Yong, 1991), where it is not feasible to install steel struts. Second,
the steel struts can only be installed after certain depth of excavation and the wall
may have already deflected to some degree.
In view of these drawbacks, ground improvement has been used to treat a
layer of in-situ soft soils right below the final formation level before excavation
commences. The improvement can be jet grout piling (JGP) or deep cement
mixing (DCM) (Porbaha et al., 1999; Terashi, 2003; Shirlaw et al., 2005b). In
either method, hardening agent, usually cement, is introduced into the ground
and mixed with in-situ soils to form cylindrical soil-cement columns that overlap
with each other and collectively form a continuous improved soil layer. Fig. 1.1(a)
shows the conceptual sketches of such ground improvement method for excavation
support. The improved soil layer is termed as embedded improved soil raft to
reflect the fact that it is below the formation level and usually covers a large area.
Piles are sometimes installed through the improved soils into deep hard stratum
to provide additional resistance against vertical heave. In the case of a wide
excavation, a layer below the formation level may only be partially improved for
economical reasons. This is then termed as embedded improved soil berm as shown
in Fig. 1.1(b) (Zhang, 2004). Figures 1.2 and 1.3 show actual sections of embedded
improved soil raft and soil berm in supporting deep excavations (Nakagawa et al.,
1996; Khoo et al., 1997).
The idea of these ground improvement schemes is to create an improved layer
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of soils which essentially functions like a strut but below the final formation level.
Successful applications of such ground improvement schemes have been reported
in many publications (Gaba, 1990; Hsieh et al., 2003; Shirlaw, 2003; Hsi and Yu,
2005; O’Rourke and McGinn, 2006). However, there have been several deep exca-
vations which were supported by embedded improved soil layer but failed during
excavation (Shirlaw et al., 2005b; COI, 2005). The failures have caused severe
project delays and serious public concerns since such deep excavations failures
often disrupt nearby utilities and services. Thus, to make proper use of such
method, clear understandings of the mechanisms and the properties of an embed-
ded improved soil layer in an excavation are of vital importance.
1.2 Embedded Improved Soil Raft
Researchers have shown that the embedded improved soil raft behaves like a strut
in deep excavation in soft soils (Tanaka, 1993; Goh, 2003) and that its stiffness
is a very important parameter for its performance (Goh, 2003). Since the soil
raft is constructed by mixing cement with in-situ soft soils, some zones might
be left untreated. The untreated zones form a gap and become critical to the
performance of an embedded improved soil raft if such gap is located between the
wall and the soil raft (Goh, 2003). An embedded improved soil berm, on the other
hand, functions much like a horizontal floating pile (Zhang et al., 2008). It resists
the inwards moving retaining wall through inter-facial shearing and end bearing.
The mechanisms involved in an embedded improved soil raft and soil berm are
markedly different. This research focuses on the embedded improved soil raft.
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In the field, an embedded improved soil raft is constructed by installing short
vertical soil-cement columns one by one that overlap with each other. As part of
typical construction control, vertically cored cylindrical samples of diameter be-
tween 75 mm to 100 mm are obtained from the field and then also tested vertically
in the laboratory. The properties thus obtained represent the elemental behaviour
of the soil-cement product in the vertical direction. These properties are termed
as elemental properties in this thesis. In current practice, these elemental proper-
ties are then used to represent the properties of an embedded improved soil raft
based on weighted average method which summates the elemental properties of
the soil-cement columns and the properties of the in-situ soils (Khoo et al., 1997;
Ou et al., 1996; Hsieh et al., 2003; Hsiung et al., 2006). Inherent in the weighted
average method is an assumption of uniform mobilised stress, strain or strain en-
ergy throughout the improved layer (Omine and Ohno, 1997; Omine et al., 1998;
Wang et al., 2002). But once the mechanisms are realised that in an excavation, an
embedded improved soil raft behaves much like a strut which subjects to mainly
the lateral compression from the inwards moving retaining walls, it is not difficult
to appreciate that the mobilised properties that come into play are in the lat-
eral direction. The laterally mobilised properties are hereinafter termed as mass
properties. In determining the mobilised mass properties of a group of vertically
constructed, short overlapping soil-cement columns which are compressed later-
ally, factors such as the contact between the columns, the non-treated zones and
the possible variations in the properties in the horizontal plane become important.
However, these factors tend to break the assumption of uniform mobilised stress,
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strain or strain energy and thus are difficult to be properly accounted for using
the weighted average method.
Several field case studies have shown that the back-analysed values of the
mobilised mass properties are very different from, usually much less than, the
expected values in the initial design (Shikauchi et al., 1993; Nakagawa et al., 1996)
or the elemental properties obtained from the vertically cored samples (O’Rourke
et al., 1998; Pickles and Henderson, 2005). To explain the observed discrepancies,
several possible contributing factors have been proposed; these include geometry
arrangement, principal stress rotation, non-perfect treatment etc. So far there
have been very limited studies that specifically address in a systematic way the
mobilised mass properties of a group of soil-cement columns being loaded mainly
in the lateral direction in an excavation and how various factors impact the mass
properties. This is precisely the focus of this thesis.
1.3 Definition of Terms
Some technical terms will be referred to quite frequently in later parts of the
thesis. To make them clear, their definitions are stated in this section.
• Embedded improved soil raft refers to a layer of soils, the properties of which
have been improved by jet grouting or deep cement mixing. The improved
layer consists of multiple overlapping soil-cement columns formed by grout-
ing or cement mixing and is often below the final excavation formation level,
thus the term embedded;
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• Elemental properties are strength and stiffness measured from vertically
cored samples of soil-cement columns. They reflect the properties of in-
dividual soil-cement columns;
• Mass properties are properties of embedded improved soil raft as a whole.
Since during excavation, a soil raft is mainly subjected to lateral compression
from inward moving retaining wall, mass properties in this study concerns
only with mobilised properties in the lateral direction. The mass prop-
erties are intended to differentiate between elemental properties measured
vertically from individual soil-cement columns and properties of embedded
improved soil raft as a whole in the lateral direction;
• Normalised mass properties are mass properties (stress or stiffness) divided
by elemental stiffness. This is to quantitatively show how mobilised mass
properties are related to elemental properties for different scenarios that are
discussed later in the thesis;
• Layer refers to concentric layers of soil-cement columns in the radial direc-
tion, not layers in the vertical direction. Layer could be formed due to jetting
or deep mixing process as will be reviewed in Chapter 2;
• Holding piles mean foundation piles or temporary piles that are installed
through an embedded improved soil raft and keyed into bearing layer;
• Defects refer to part of in-situ soils that may be left un-improved within an
embedded improved soil raft.
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1.4 Objectives & Scope of Study
The aim of this thesis is to systematically examine the mobilised mass properties
of an embedded improved soil raft in an excavation and how the known elemental
properties are translated into the mass properties taking into account various
influencing factors. More specifically, the objectives are to assess the effects of
various influencing factors, including geometry arrangement, overlapping, layering
within soil-cement column, combined loading of lateral compression and basal
uplifting, non-perfect treatment and the holding piles. This research does not
address the issue of how the elemental properties are obtained as that is an issue
of characterization, a topic that has been explored in great detail by many other
researchers.
Numerical simulation, rather than laboratory experiment or field case study,
was chosen in this research because of difficulties in laboratory experiments and
challenges in field case studies. In laboratory experiments, the soil-cement columns
need to be prepared in reduced scale which poses difficulties in producing the tiny
overlapping columns. It is also very time-consuming to carry out parametric stud-
ies as the curing of soil-cement mixture usually takes long time. Field case study
was opted out because of high cost involved and difficulties in interpreting the re-
sults out of complicated site conditions. Numerical simulation, on the other hand,
is cost-effective and able to handle complicated geometry models relatively easily
but it requires verification and calibration before its results can be interpreted
with confidence.
Owning to the complexity of this research problem and also the many possible
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interacting factors, it is very important to build up our understanding of the
problem in a systematic way so that as the problem gets complex, it is possible to
know the ways the different factors are interacting. Thus the approach chosen is
to start from a simple model and gradually take into account the various factors
that are known to have an effect on this problem. At first, analyses were carried
out to study the effects of geometry arrangement, overlapping and the impact of
layering within each column when an embedded improved soil raft is subject to
lateral compression only. Later on, analyses were carried out to take into account
other factors when an embedded improved soil raft is subject to combined action
of lateral compression and basal uplifting. This is to build up the understanding
step by step.
In most deep excavations stabilised by embedded improved soil raft, the ex-
cavation is stable and the stability is not a major issue. Rather, the control of
wall deflections and associated ground movements is the prime aim. Thus, the
mobilised mass stiffness, rather than the mass strength of the embedded improved
soil raft in an excavation is of more concern. So this study focused mainly on the
mobilised mass stiffness, not the mass strength of an embedded improved soil raft.
1.5 Lay Out of Thesis
Chapter 2 begins with a detailed review of previous researches on the mechanisms
and the mass properties of an embedded improved soil raft in an excavation. It
identifies the need of research to resolve the observed discrepancies between the
mobilised mass properties from the back-analysis of field cases and the properties
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based on the commonly-adopted weighted average method. Next, it moves on to
review the factors that could impact the mass properties of an embedded improved
soil raft and the Hertz Contact problem which is closely related to this research.
Chapter 3 presents verification and calibration of the numerical model which
includes the simulations of the Hertz Contact problem, the field case history re-
ported by Nakagawa et al. (1996) and the laboratory experiment reported by Liao
and Su (2000). It also discusses the setup of numerical models for the subsequent
chapters.
Chapter 4 reports the analyses of an embedded improved soil raft subjected
to lateral compression only which covers factors such as geometry arrangement,
overlapping and layering of soil-cement columns.
Chapter 5 further examines other factors such as the uplifting pressures, the
thickness of the soil raft, the non-perfect treatment and the holding piles when
an embedded improved soil raft is subject to lateral compression and at the same
time basal uplifting.
The final chapter ends with a summary of findings from this research as well
as recommendations for further research on this topic.
Figures: Chapter 1 10
Fig. 1.1: Concepts of embedded improved soil raft and soil berm (after Zhang,
2004)
Figures: Chapter 1 11
Fig. 1.2: An embedded improved soil raft in an excavation (after Nakagawa et al.,
1996)





This chapter presents a detailed review of research studies that have been con-
ducted on embedded improved soil raft for supporting deep excavation in soft
soils. An embedded improved soil raft is a collection of overlapping soil-cement
columns that are usually installed below the excavation formation level to help
resist the inwards moving retaining walls thereby helping to improve the basal
stability. This section first presents a general review of the motivation to use em-
bedded improved soil raft in supporting deep excavations. This is followed by a
review of studies that have been conducted on the mechanism (Section 2.2) and
the mass properties (Section 2.3). Factors that can affect the mass properties are
then discussed. Finally, the classic Hertz contact problem, which is related to this
research is presented.
Many big cities around the world are located in delta areas where thick deposit
of soft soils are often found. Driven by scarcity of land in many of these cities,
there is increasing exploitation of subterranean space resulting in the need for deep
excavations in very soft deposits in these urban areas, and often in close proximity
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to existing structures or services. Such excavations in soft soils, if not properly
controlled, can induce unfavorable ground movements which might cause damage
to nearby structures or services.
To control the ground movements associated with deep excavations in soft
soils, a bracing system is almost invariably needed. But the maximum wall deflec-
tion for strutted excavations in soft deposits usually occurs below the formation
level as shown in Fig. 2.1 (Yong et al., 1989). An effective solution to reduce the
wall deflections and associated ground movements is to be able to provide struts
below the formation level near the location of maximum wall deflection, but this
is not practical with conventional steel struts. An alternative is to improve a
layer of soft soils at the desired location below the formation level so that the
improved soil layer can essentially function as an embedded strut. Another ad-
vantage of such an embedded improved soil raft over steel strut is that the former
can be installed before the removal of soils at the excavated side and its resistance
against the inwards wall movements can be mobilised once excavation commences.
Fig. 2.2 shows the effectiveness of such an embedded improved soil raft in a deep
excavation, as reported by Lee and Yong (1991).
The soft soils below the formation level can be improved by jet grout piling
(JGP) (Shirlaw et al., 2005b) and/or deep cement mixing (DCM) (Porbaha et al.,
1999; Terashi, 2003). In either method, cement is introduced into the ground
and mixed with in-situ soft soils to produce cylindrical soil-cement columns that
overlap with each other and collectively form a continuous embedded improved soil
raft. Typical thickness and length of the embedded improved soil raft that were
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reported in some studies are summarized in Table 2.1. Successful applications of
such an embedded improved soil raft in deep excavations in soft soils have been
reported by various researchers (Gaba, 1990; Hsieh et al., 2003; Shirlaw, 2003; Hsi
and Yu, 2005; O’Rourke and McGinn, 2006).
2.2 Embedded Improved Soil Raft: Mechanism
Goh (2003) carried out centrifuge model experiments and numerical simulations
to study the behaviour of an embedded improved soil raft in an excavation. In his
study, a homogeneous block of cement mixed soil is used to simulate the embed-
ded improved soil raft. His results showed that an embedded improved soil raft
behaves much like a strut as demonstrated by the bending moment profiles of the
retaining wall (Fig. 2.3). The stiffness of the embedded improved soil raft was
identified as an important parameter in resisting the inwards wall movements. He
also assessed the detrimental impact of a pocket of non-treated soils between the
improved soil layer and the retaining wall that might exist due to workmanship
and site complications. The un-treated soft soils would essentially break the lat-
eral continuity of the embedded improved soil raft and dominate the mobilised
properties. In his study, a homogeneous block of cement mixed soil was used
because of difficulties in constructing very tiny, overlapping soil-cement columns
in reduced scale experiments. The homogeneous block was constructed by filling
cement-clay slurry into a wooden form-work of required shape and size. This ap-
proach produced a homogeneous block of improved soils that is very different from
the field where short vertical soil-cement columns are constructed to form the raft.
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In the field, it is possible that the soil-cement columns can be non-uniform or that
some zones may be left untreated. It is very challenging to model such variations
in a reduced scale experiment but relatively easy to conduct such studies using
numerical analysis.
Goh (2003) also showed that besides being compressed by the inwards moving
retaining walls, an embedded improved soil raft is subject to basal uplift shown
in Fig. 2.4. This observation echoed an excavation reported by Tanaka (1993)
which had to be stopped due to large basal heave. The excavation was stabilised
by overlapping soil-cement columns which had high resistance against lateral com-
pression because the wall deflections were small when excavation was stopped. An
analysis of the instrumentation results showed that the embedded improved soil
raft took nearly half of the total horizontal forces acting on the wall but it was
not able to effectively resist the basal heave. As a result, Tanaka (1993) proposed
a displacement pattern of an embedded improved soil raft in an excavation shown
in Fig. 2.6. The author also proposed a new way of calculating the stability factor
of an excavation stabilised by an embedded improved soil raft but acknowledged
“the vagueness in the determination of the strength of the treated part”. The ac-
tual mobilised strength was of main concern in the stability calculation in Tanaka
(1993)’s study, but this is difficult to determine in the field compared to elemental
properties. However most deep excavations that are supported by an embedded
improved soil raft are stable and instead of stability, it is the control of ground
movements that is the main design consideration. In this case, it is the mobilised
mass stiffness, rather than the mobilised mass strength of the embedded improved
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soil raft that is the more critical parameter. Unfortunately, the mobilised mass
stiffness is more difficult to determine than the mobilised mass strength.
When an excavation is very wide, improving an entire layer of soft soils from
wall to wall may not be the most economical solution. In such case, an alternative
is to treat the soft soil layer partially with one end touching the retaining wall
and the other end resting in the in situ soils. The improved soil block is called
embedded improved soil berm, and the mechanism and capacity of this approach
was studied by (Zhang, 2004; Zhang et al., 2008). In his study, centrifuge tests
were performed to simulate the model in reduced scale and results from centrifuge
tests were used to identify the mobilised mechanism and to calibrate numerical
models which were subsequently employed for further numerical studies. Zhang
(2004) showed that an embedded improved soil berm in an excavation behaves
very much like a horizontal floating pile and mobilise its bearing capacity against
inwards moving retaining wall through inter-facial shear and end bearing (Fig.
2.5). Zhang (2004) also used a homogeneous block for his experiments for the same
reason as Goh (2003), namely the difficulty to make tiny overlapping columns for
centrifuge tests. Nevertheless, he also identified that the actual stiffness of the
block, which is equivalent to the mobilised mass properties of an improved soil
raft consisting of overlapping columns, is a key parameter and has to be above
a threshold value for the method to be effective. Thus the challenge is still the
determination of the mobilised mass properties.
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2.3 Embedded Improved Soil Raft: Mass Prop-
erties
This section presents a review of studies related to mass properties of an embedded
improved soil raft. The review is arranged in the order of back-analyses of field
data, laboratory experiments and numerical studies.
2.3.1 Back-analyses of Field Data
Nakagawa et al. (1996) presented a case history of large braced excavation in a
reclaimed land in Tokyo Bay. The 48 m wide and 66.2 m long excavation was
carried out in a land only two years after it had been reclaimed. A layer of very soft
alluvial clay of about 7 m thick was improved by JGP and DCM columns which
were just in contact with each other (Fig. 2.7). The measured displacements and
bending moments of the retaining wall (Fig. 2.8) clearly showed that the improved
soil layer did not function in a way that had been assumed in design. Qualitatively,
the embedded improved soil raft in this case history did behave like a strut as can
be seen from the bending moment profile of the retaining wall, and this behaviour
is similar to the experimental results reported by Goh (2003) shown in Fig. 2.3.
But quantitatively, the embedded improved soil raft was much less effective than
designed. The back-analysed coefficient of horizontal subgrade reaction K, an
expression of mobilised mass properties in the lateral direction, was between 225
and 1000 tf/m (2205 and 9800 kN/m), only 3.0% to 13.3% of the designed value
7497 tf/m (73470.6 kN/m). The designed value was obtained by “multiplying
improvement rates by original coefficients of the soil improved columns”, which in
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essence is a weighted average method but excludes the contribution from in-situ
soils. They attributed the differences to the geometric arrangement shown in Fig.
2.7 because such arrangement could not be easily achieved in the field and even
the arrangement in the site was as designed, such arrangement would cause high
stress concentration and thus large deformation around the contact region. They
also suggested the reduction of overburden as excavation proceeds as a possible
contributing factor. However, they did not further investigate the impact of each
factor.
O’Rourke et al. (1998) reported an excavation stabilised by deep mixing soil-
cement columns that were arranged in buttress pattern. In their numerical back-
analysis of the stabilised excavation, they found that a mass modulus between
60 and 120 MPa produced best agreements with field measurements. This range
of mass modulus values, as they noted, was about 50% of those obtained from
cement treated Boston marine clay in laboratory tests. They borrowed from rock
mechanics the concept of discontinuities in rock mass to explain the low mass
modulus for the treated zone since there might be non-treated soft soils at the
interfaces between the wall and the soil-cement columns. The mass modulus was
of main concern because their numerical prediction of stresses in the improved
zone was well within the elastic region.
In a back analysis of the behaviour of an embedded improved soil raft in
an excavation in Singapore, Pickles and Henderson (2005) showed that the back-
analysed stiffness of the improved soil layer was about 70 MPa, less than 35% of
the typical value obtained from unconfined compressive tests on cored samples.
2.3: Embedded Improved Soil Raft: Mass Properties 19
The strength and the failure strain of the improved layer as a whole were also very
different from those obtained from cored samples.
In finite element analysis of a deep excavation in Singapore, Wong and Goh
(2006) modeled the post-failure behaviour of embedded improved soil raft based
on strain-softening observed in triaxial tests on soil-cement samples prepared in
laboratory. In their analyses, finite element program was manually stopped when
extensive yielding had developed. Then they reduced the stiffness and the strength
for the embedded improved soil raft and subsequently restarted the analysis. They
acknowledged various possible factors, such as non-perfect overlap among soil-
cement columns, non-perfect treatment etc, which could lead to difficulties in
estimating an appropriate mobilised strength for finite element analysis as “the
strength from cored samples may not be representative of the entire grouted mass”.
Yet modelling strain-softening for the embedded improved soil raft in their anal-
yses requires an implicit assumption that the stress-strain relationship for the
embedded improved soil raft as a whole follows the same trend as observed in
laboratory prepared samples. It also requires that the mobilised strength to be
uniform across the embedded improved soil raft. This is in contradiction with
finite element results reported by Goh (2003) (see Fig. 2.4) which showed high
stress concentration in some zones. Strain-softening behaviour for the embedded
improved soil raft, if indeed it follows the same trend in laboratory prepared sam-
ples, should be incorporated into the material constitutive law to allow the finite
element code to solve for solutions rather than intervene the analysis by stopping
the program, reducing the material parameters, and resuming the program.
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It should be noted that the back-analyses reported by Pickles and Henderson
(2005) and Wong and Goh (2006) concerned excavation failures, whereas in most
designs, the control of retaining wall movements and associated ground movements
is the main concern. Thus in practice, the mass stiffness profile rather than the
mass strength profile of the embedded improved soil raft is more important. This
research therefore focuses on the study of the mobilised mass stiffness profile of
an embedded improved soil raft in an excavation.
2.3.2 Laboratory Experiments
Liao and Su (2000) conducted an experimental study to investigate the properties
of partially improved soils in the lateral direction. A true triaxial apparatus
following the design of Ko and Scott (1967) was used to apply independent face
pressures on a cubic sample in three directions. Their aim was to study the
improvement effects of soil-cement columns on the soil sample (Fig. 2.9) subject
to major principal stress change from vertical direction to horizontal direction.
They first subjected the composite sample to Ko and varied the stress in
three directions so that the stress path moved vertically down on the octahedral
plane (Fig. 2.10) to a hydrostatic stress condition (isotropic condition). From
there, they sheared the sample in two stress paths, θ = 120o and θ = 150o to
ensure that the stress path for plane strain conditions falls in between the two
paths. The normalised tangential shear modulus and normalised shear stress
relationships for the stress path θ = 120o are shown in Fig. 2.11. Generally, the
normalised tangential shear modulus increases when improvement ratio increases
but it decreases with increasing shear stress.
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It should be noted that in their study, face pressures on the top and the
bottom surfaces of the composite sample were varied during the test, but at any
given time, the two pressures equal to each other. This is different from what
happens to an embedded improved soil raft in the field where the soil above the
improved soil layer is removed as excavation proceeds, causing a gradual reduction
of face pressure acting on the top while the bottom face pressure is less likely to
change as much as the top face pressure due to the presence of the much stiffer
improved soil raft.
Liao and Tsai (1993) compared the passive resistances of four types of partially
improved soft soils. They cut away soft soils in the zone that was to be improved
and replaced them with soil-cement grout to the required layouts shown in Fig.
2.12. Continuous improvement of the buttress type in the field is typically realised
by constructing overlapping soil-cement columns, different from their laboratory
experiments where it was completed by filling soil-cement grout in the shape of
buttress that was cut before. They then compressed the composite soils laterally,
simulating loading from an inwards moving retaining wall. The column type in Fig.
2.12(a) was found to yield the highest resistance because the contact area between
the soil-cement columns and the soils are largest. Double “L” buttress type also
shows higher resistance compared to the other two buttress type reinforcements
as it allows the end bearing and shear resistance to be better mobilised. They
also compared laboratory tests with field instrumented trials but the complexities
in field construction permitted only qualitative conclusion that the wall deflection
was much smaller if buttress panels were provided.
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In a series of studies that were reported in the Annual Meeting of Japan
Society of Soil Mechanics and Foundation Engineering (Shikauchi et al., 1993;
Saito et al., 1994; Ueki et al., 1995; Ogasawara et al., 1996), the retaining wall
deformation of a deep excavation stabilised by an improved soil layer was not
as what had been expected in the initial design. To investigate the reasons for
the deviations, FEM back-analysis of the excavation (Shikauchi et al., 1993) as
well as laboratory experiments on the improved soil layer (Saito et al., 1994; Ueki
et al., 1995) were carried out. Fig. 2.13 shows the FEM back-analysis results by
Shikauchi et al. (1993). When the strength of the improved soil layer was assigned
to be the same as in the initial design (Case-1), they noted that the deformation
of the retaining wall was very little. In Case-2, they reduced the strength of the
improved soil layer to 1/2 ∼ 1/10 of its initially designed value and they noticed
very small wall deformation. The deformation profile was very different from the
measured one. But when the geometry contact (joint) arrangement profiles of the
soil-cement columns were modelled in Case-3, the FEM results predicted larger
wall deformation which was in very close agreement with the field measurements.
The predicted wall deformation profile in Case-3 was also very close to the field
measured profile. These indicate that the mobilised strength of the improved soil
layer is not the most critical parameter in determining the deformation of the
retaining wall. Rather, the geometry arrangement of the improved soil-cement
columns plays a very important role in determining the wall movements.
Based on FEM back-analysis, Saito et al. (1994) conducted laboratory ex-
periments to study the deformation behaviour of an improved soil layer where
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soil-cement columns were arranged just in contact with each other in a 7x7 square
grid shown in Fig. 2.14. The focus of Saito et al. (1994)’s model experiments was
to examine the deformation of the improved cement deep mixing (CDM) columns
when the improved soil layer is subject to lateral compression. The lateral load in
their model experiments was applied to the model through a 5cm by 10cm steel
plate. The deformations along the load direction and perpendicular to the load
direction were measured at several CDM columns. Based on these measurements,
they obtained the load-deformation relationships at different CDM columns in
both directions, as shown in Fig. 2.15.
The load-deformation relationships along the load direction are of close rele-
vance to the control of the wall deformation during an excavation. They noticed
that when the lateral load is low, i.e. from 0 to 3.4 tf/m2 (33.34 kPa), the
deformation along the load direction is large due to the re-arrangement of the im-
proved CDM columns in the model. The re-arrangement, as they suggested, either
comes from the closure of the small gaps that might exist among the improved
columns when the model is initially loaded or from severe deformations around the
contact regions when the external load is larger than the friction forces between
the contact regions. On the other hand, the improved soil layer reaches a stable
state after such re-arrangement completes and thus the rate of increase in lateral
deformation reduces upon further lateral loading. In other words, the initially
mobilised lateral stiffness of such improved soil layer is low and it increases only
after larger deformation has already occurred when the soil layer is further loaded.
Such mobilised lateral stiffness profile would not be effective in the control of wall
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and associated ground movements in an excavation: the wall would have already
undergone large deformation before the lateral stiffness of the improved soil layer
is fully mobilised.
Saito et al. (1994)’s model experiment focused on the horizontal deforma-
tion behaviour of the improved CDM columns when the model is laterally loaded
while Ueki et al. (1995)’s model experiment was about the vertical deformation
behaviour when the model was vertically loaded. They considered four cases re-
garding the improved soil layer. In the first case, the soil was not improved. In the
second and the third cases, the soil was improved with CDM columns that were
arranged just in contact with each other but the improved soil layer was subject to
different initial confining pressure of 0.08 kgf/cm2 (7.85 kPa) and 0.16 kgf/cm2
(15.69 kPa). In the fourth case, the CDM columns were arranged to overlap with
each other and the model layer was subject to 0.08 kgf/cm2 (7.85 kPa) initial
confining pressure. In the vertical direction, the model layer was subject to the air
pressure from the top which was equal to the water pressure acting on the bottom,
as shown in Fig. 2.16. During their experiment, the bottom water pressure was
kept constant while the air pressure acting on the top of the improved soil layer
was gradually reduced. No lateral compressive loads were applied to the model
layer. They obtained the relationships between the uplifting pressure (difference
between the bottom water pressure and the top air pressure) and the vertical de-
formation at the centre of the model (Fig. 2.17). The key findings of their results
was that the overlapping arrangement of the CDM columns in the improved soil
layer resulted in better improvement effects than the contact arrangement cases
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in terms of vertical resistance against uplifting pressures.
Finally in the series of studies, Ogasawara et al. (1996) back-analysed a deep
excavation in soft soils along Kawasaki line of the Tokyo Bay-shore Route. This
time, the excavation was stabilised by an embedded improved soil layer where the
CDM columns were overlapping with each other and such overlapping arrangement
was considered in the back-analysis. Their FEM back-analysed wall deformation
achieved better match with the field measured data compared to the previous case
reported by Shikauchi et al. (1993) (Fig. 2.18 versus 2.13).
The series of studies (Shikauchi et al., 1993; Saito et al., 1994; Ueki et al.,
1995; Ogasawara et al., 1996) recognised the lateral compression and basal up-
lifting loads that an improved soil layer in an excavation would be subject to.
Through back-analyse of field cases, model experiments and FEM analyses, they
revealed the importance of proper consideration of the geometry arrangements of
the CDM columns within the improved soil layer when it is designed for stabil-
ising an excavation. They showed that when the CDM columns were arranged
just in contact with each other, the reported excavation case history as well as
the laboratory model experiment showed that the resistances of the improved soil
layer against the lateral compression or the basal uplifting were much lower than
what had been expected in the initial design. Their results also showed that the
resistances, or in other words the mobilised mass properties of the improved soil
layer, would be improved when the CDM columns were arranged to overlap with
each other. However, in the series of studies, there was no mention of how much
overlapping was adopted in the model experiment, the FEM analysis and the field
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case. The degree of overlapping ought to be an important quantitative parameter
since there is a significant change in the mobilised mass properties from the case
where the columns are just in contact with each other to the overlapping case.
Further more, in their laboratory model experiments, the improved soil layer was
either subject to lateral compression (Saito et al., 1994) or basal uplifting (Ueki
et al., 1995) while in the real scenario, a combination of the two loads acting on
the layer at the same time would be expected. Clearly, further investigations are
necessary to permit a better understanding of the mobilised mass properties of an
embedded improved soil raft in an excavation.
It is noted that in the model experiments (Saito et al., 1994; Ueki et al.,
1995), the CDM columns were constructed in a reduced scale of 1/20. In such
reduced scale, the diameter of their CDM columns was 5 cm which makes it a
challenge to produce the overlapping features resulting from sequential construc-
tion of neighbouring CDM columns in the field. But there was no mention as
of how they constructed the overlapping CDM columns in their laboratory ex-
periments. It would be even more challenging and time-consuming to perform
parametric studies using laboratory model experiments at reduced scale. This is
probably the main reason why there have been limited laboratory studies in the
literature. However, such limitations in the laboratory are fairly easy to overcome
in numerical studies (mainly finite element simulations) which will be reviewed in
the next section.
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2.3.3 Numerical Studies
Various researchers have attempted to develop methods to estimate the mobilised
mass properties by adding contributions from the improved soils and the untreated
soils based on the two constituents’ volumes respectively - a sort of a mixture
theory approach. The equation to calculate the mass properties using such an
approach is as follows:
Pmass = Pcol × Ir + Psoil × (1− Ir) (2.1)
where
Pmass : equivalent mass properties, i.e. mass stiffness or mass strength;
Psoil : properties of un-treated soils;
Pcol : properties of improved soil-cement columns;
Ir : improvement ratio
Hsiung et al. (2006) used this method to estimate the equivalent mass proper-
ties of pile-type cross-wall that was designed to reduce retaining wall movements.
They performed parametric studies using the finite difference code, FLAC, to as-
sess the impact of the improvement ratio, the diameter of soil-cement pile and the
pile length on the maximum lateral wall displacement. There was no field data
for comparison. This method was also used by Khoo et al. (1997) to calculate the
properties of embedded improved soil berm for the finite element analysis of an
excavation in Singapore. Their finite element analysis results matched well with
the field measurements in terms of lateral deflection of the wall and the ground
5m away behind the wall. However, their predicted ground settlement (20 mm)
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was less than half of the measured settlement of 45 mm, an indication that such
an approach in their numerical model had missed some features of the excavation.
Sometimes an empirical parameter is introduced into Equation 2.1 to fine-tune
the predictions. Equation 2.1 becomes:
Pmass = α× Pcol × Ir + Psoil × (1− Ir) (2.2)
where α is an empirical factor, taking into account contributions of various other
factors.
Hsieh et al. (2003) used this method to estimate the properties of a layer
improved by jet grouted soil-cement columns in an excavation in Taiwan. The
empirical factor they chose was 0.5, which allowed them to predict maximum wall
deflection with close agreement to field measurement after taking into account the
“preloading effects” of the jet grouting process on the retaining walls. Clearly, the
use of such an empirical factor is a recognition that the actual mobilised properties
ought be smaller than the predicted by the mixture theory.
Ou et al. (1996) carried out numerical studies to search for equivalent parame-
ters for the composite layer that could produce the same maximum wall deflection
as in the case where each column is modelled individually, a better representation
of the soil-cement columns in the field but computationally more demanding. By
so doing, they noted, the maximum wall deflection can be reasonably predicted
with less computational power. This method was later used in an analysis and
design of deep excavation in Taipei (Ou et al., 2008). Their proposed equation to
calculate the equivalent parameters were in essence similar to Equation 2.1. The
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difference is a new empirical factor m which adjusts the improvement ratio as:
Pmass = Pcol × Imr + Psoil × (1− Imr ) (2.3)
where m is an empirical factor. When m equals 1, Equation 2.3 reduces to Equa-
tion 2.1.
In Equations 2.2 and 2.3, empirical factors (α and m) were fine-tuned in such
a way that the predicted maximum wall deflections would be close to the field
measurements or predictions from numerical analysis where soil-cement columns
were modelled individually. The use of such brute force empirical factors would
inevitably accounted for the influences of the excavation systems (retaining walls,
struts etc.) and also the actual mobilised mass properties of the improved soil
layer, which affect the maximum wall deflection. But such a factor cannot clearly
provide a clear indicator of the factors affecting the mobilised soil stiffness.
Ayoubian and Nasri (2004) designed jet grout plugs to improve the base sta-
bility and control of the ground water inflow in an excavation in New York City.
The excavation was for an approach structure in a segment of a tunnel project
and its schematic cross section view is shown in Fig. 2.19. They estimated the
UCS based on results from tests on cored samples in jet grouted soils in several
projects in similar ground conditions. The estimated UCS value, around 900 psi
(6205 kPa), was then assigned to the whole improved soil layer in subsequent
numerical parametric studies. This is also in fact a weighted method where the
improvement ratio in Equation 2.1 was taken as 100%. There were no field mea-
surements to compare with the numerical results to give an indication whether
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the chosen values were representative.
The underlying assumption of the weighted average based estimation (Equa-
tion 2.1) is a uniform distribution of strain across the treated layer which, ac-
cording to Hill (1963), leads to the upper bound solutions. There also have been
studies assuming a uniform distribution of stress across the treated layer for the
lower bound estimations and a uniform distribution of strain energy within each
representative unit for solutions in between the two bounds (Omine and Ohno,
1997; Omine et al., 1998; Wang et al., 2002). But such assumptions do not reflect
the mobilised mechanisms (Section 2.2) of an embedded improved soil raft in an
excavation. When a group of overlapping soil-cement columns are compressed
laterally, the contact zone between the columns are more important than other
regions. When the group of columns are subject to lateral loading, the possible
variability of properties in the horizontal plane, even within a column, becomes
important. These factors are not properly accounted for when a weighted average
approach is used for estimations.
2.4 Factors Influencing Mobilised Mass Proper-
ties
In the previous section, back-analyses from field data (Nakagawa et al., 1996;
O’Rourke et al., 1998; Pickles and Henderson, 2005; Wong and Goh, 2006) showed
that the mobilised mass properties were different, and usually much lower from
the properties of vertically cored samples. Several factors that might contribute
to the differences had been suggested but not studied in detail. The commonly
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adopted weighted average methods in practice to estimate the mass properties
do not reflect the mechanism of an embedded improved soil raft. This section
reviews some influencing factors such as the radial variability of properties within
a soil-cement column, the defects in the treated ground and the holding piles that
are often bored through the embedded improved soil raft.
2.4.1 Radial Variability
Kawasaki et al. (1984) reported direct shear strength results of deep mixing soil-
cement columns from field trial in which many samples were taken at the cross-
section as shown in Fig. 2.20. The results were normalised to the average of all
data and re-plotted against the distance from the column centre in Fig. 2.21. It
can be seen that generally the column centres are stiffer than the outer layers.
In a field trial in Singapore, a hybrid RAS-JET system was tested to construct
large diameter (up to 2.8 m) soil-cement columns. The system consists of blades
for mechanical mixing and nozzles at the edges of the mixing blades for jetting soil-
cement slurry into in-situ soils shown in Fig. 2.22. The hybrid system produces
soil-cement columns that have two distinct layers, the inner layer by mechanical
mixing and the outer by jet grouting. Fig. 2.23 shows typical UCS profile of the
RAS-JET soil-cement columns. The jet grouting layer is generally stiffer than the
mechanical mixing part.
Bader and Krizek (1982) conducted experiments to study how the silicate
grout flows through sand and assess the strength and modulus of silicate grouted
sand. Fig. 2.24 shows the variation of strength and modulus with distance from
the injection pipe. The unconfined compressive strength decreases with the in-
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crease in distance from the injection pipe (Fig. 2.24(a)). When it comes to the
modulus at 50% strength, their conclusion was that “substantial scatter in the
data” precludes “a definitive relationship” (they put two question marks on Fig.
2.24). But the scatter in their data did show a biased distribution towards stiffer
grouted sand in the zone close to the injection pipe.
Sakai et al. (1994) conducted field test on soil-cement columns constructed
by single rod type soil improvement rig, a type of deep cement mixing method.
Their aim was to examine the variability of strength within the improved soil-
cement columns. Their reported strength along the radial cross section (Fig.
2.25) was high in the columns centre and decreased when it moved to the edges, a
layering profile similar to what Kawasaki et al. (1984) had reported. Sakai et al.
(1994) further excavated the soil-cement columns and obtained the samples in
both vertical direction and horizontal direction shown in Fig. 2.26. The ratio of
average horizontal to vertical strength was found to be around 0.56. Since such
horizontal sample would enclose several layers in the radial direction, the reduction
of strength in the radial direction shown in Fig. 2.25 might have contributed to the
difference in the horizontal versus vertical strength ratio. But the reduction of the
strength in the radial direction in Fig. 2.25 was less than 0.56, indicating that the
improved soil-cement columns might not be isotropic - even at one point within
the improved soil-cement columns, the strengths in the horizontal direction are
smaller than those in the vertical direction. Such anisotropy would be important
in evaluating the mass properties of an embedded improved soil raft because the
main load is the horizontal moving retaining wall.
2.4: Factors Influencing Mobilised Mass Properties 33
Table 2.2 summarise reported radial variability even within a soil-cement col-
umn in some studies while Table 2.3 shows the properties in the overlapping zone
versus the general zone reported by several researchers.
2.4.2 Defects
Owning to complicated site conditions and the fact that the construction of im-
proved soil columns are conducted very deep below the ground surface, the over-
lapping soil-cement columns that are actually formed in the field are often not
exactly the same as they were designed for. There might be a pocket of soft soils
that is left untreated or a column that is mis-located and fails to overlap properly
with other columns. Shirlaw et al. (2005a) reported an excavation stabilised by
a jet grouted soil layer. The sheet-pile wall at I7001A (see Fig. 2.27) side had
a maximum deflection that is nearly two times that of the opposite side. Their
examination after excavation reached formation level showed that in some area,
the contact between the jet grouted layer and the sheet-pile was poor: a steel rod
could be pushed down easily by hand at several locations.
Raju et al. (2006) reported a deep shaft excavation in West Coast Park for
a Singapore MRT (Mass Rapid Transit) project. Jet grouted layer consists of
overlapping JGP was installed at the shaft bottom to prevent water inflow. But a
small gap between the sheet-pile and the jet grouted layer caused quick inflow of
water into the shaft. Similar problem was reported by Morey and Campo (1999)
in a tunnel project in Cairo. They noted that watertightness was very difficult to
achieve due to the gaps between the JGP and the diaphragm wall. They also noted
that the gaps occurred more frequently in the deeper parts of the overlapping
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soil-cement columns. They attributed the gaps to the verticality problem and
“masking effect”. A little horizontal deviation of the JGP tube above the ground
could translate to a much larger dislocation of soil-cement columns deep under
the ground. On the other hand, the overlapping columns were constructed in
sequence. The early formed columns might not be perfectly cylindrical and if
their diameters were larger than designed, the tube for newer injected column
might be in the treated mass rather in the in-situ soft soils. The early formed
columns in this case became a “mask” which brought difficulties to the formation
of new columns, as illustrated in Fig. 2.28. Such gaps presented in the embedded
improved soil raft would affect its resistance against inwards moving retaining
walls.
2.4.3 Holding Piles
Sometimes bored piles are installed through the embedded improved soil raft to
enhance its resistance against basal heave in an excavation. The interaction be-
tween the bored piles and the embedded improved soil raft is also likely to have
an impact on its mobilised mass properties. Ho et al. (2002) reported significant
interactions between installed bored piles and a jet grouted layer comprising of
overlapping soil-cement columns. Their study showed that the jet grouted layer
was able to attract a significant percentage of vertical loads from the pile through
inter-facial interaction, which contributed to the increase of pile bearing capac-
ities in both compression and tension pile load tests. Similar observations were
reported by Shirlaw et al. (2005a) in an analysis of load test on a pile bored
through a jet-grouted layer (Fig. 2.29). The above two studies showed that,
2.5: Hertz Contact Problem 35
through inter-facial interaction, an improved soil layer could affect the behaviour
of bored piles. Similarly, where the behaviour of an embedded improved soil raft
is of concern, the provision of bored piles can impose restraints on the improved
soil layer in the vertical direction to enhance the basal stability of the excavation
and also help to reduce bending of the improved soil raft.
The mobilised mass properties of an embedded improved soil raft are very
complicated. It is hard to consider all the different factors affecting it in one
analysis. However, from the design point of view, the actual mobilised stiffness
is the most important parameter to have. An improved soil raft consists of short
vertical columns touching or overlapping each other. Thus, the basic unit of such
a problem is the mobilised behaviour of two soil-cement columns just touching
each other and being compressed laterally. Viewed using this elementary building
block of two columns just touching each other, the importance of the variability
within the columns could have on the mobilised behaviour can be appreciated.
As this behaviour is so fundamental to the understanding of the mobilised mass
behaviour, a special elastic case of two cylinders just touching each other, the
classical Hertz Contact problem in contact mechanics, will be described next.
This problem has an analytical solution and thus is also ideal for the purpose of
validation of subsequent numerical analyses.
2.5 Hertz Contact Problem
In the history of contact mechanics, Heinrich Hertz in the 1880s first solved the
deflection of lenses at the point of contact in Newton’s rings (Fischer-Cripps,
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2000). Later developments of contact theory were aimed at relaxing assumptions
made by Hertz so that analytical solutions to a wide range of problems can be
obtained (Johnson, 1985). The Hertz contact problem that is of particular interest
to this research consists of two identical, infinitely long cylinders with their axes
parallel and being pressed into each other. Two assumptions are necessary in
order to obtain the analytical solutions. The first requires that the applied load
is small enough so that the resulting contact area is relatively small compared to
the radius of the cylinder. The second is that the contact is frictionless and only
normal stresses are present at the contact surface. Analytical solutions to the











s : normalised distance away from the centre of contact;








κ = 3− 4ν : for plane strain condition;
E : Young’s modulus;
ν : Poisson’s ratio.
The analytical solutions to the Hertz contact problem serve as a check against
results from numerical models. It also helps to provide an insight to the key issues
involved in the difference between the elemental and the mobilised mass properties.
Thus, the Hertz Contact problem is a case whereby the underst
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complicated problems can be built up by introducing the complexities into the
model step by step.
2.6 Summary
In urban areas, deep excavations in soft soils can induce unfavorable wall de-
flections and associated ground movements which might cause damage to buried
structures nearby. To reduce the ground movements more effectively than conven-
tional steel struts, embedded improved soil raft is often designed to be installed
below the excavation formation level. It consists of overlapping JGP and/or DCM
soil-cement columns which collectively resist the inwards moving retaining wall.
This literature review has highlighted a number of research efforts to further
the understanding and improve the design analysis when such a soil improve-
ment method is used. The review has shown that the most common approach
towards estimating the mobilised mass properties for design analysis of the em-
bedded improved soil raft is based on weighted average methods which summate
the contributions from the improved soils and the in-situ soft soils according to
their volumetric ratios. A number of studies have reported that back analyses of
field data revealed mobilised values less than those estimated using the weighted
average approach and much lower than elemental properties from cored samples.
To be able to fine-tune the predictions to match the field data better, an empirical
parameter, which lumps up impacts of various other factors, has to be introduced.
Such a factor cannot provide a clear understanding of how the mobilised mass
properties are arrived at and thus provides a coherent approach to obtain a nu-
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merical value for this empirical factor. Thus far, none of the works reported has
provided a comprehensive understanding of how the mass behaviour is mobilised
and an insight on how to account for various factors in a systematic way.
An important part to improve the understanding of how the improved soil raft
works is to appreciate that in an excavation, the resistance comes mainly from the
raft resisting the inwards moving retaining wall laterally. Once the mobilised mass
properties in the lateral direction are considered, it is not difficult to appreciate
that factors such as elemental properties, geometry arrangement of soil-cement
columns, the variation of properties within a soil-cement column, the degree of
overlap, defects within the improved layer and the holding piles that may be bored
through the layer all have impacts on the actual mobilised mass behaviour. The
research to be reported in this thesis focuses on precisely these issues.
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Table 2.1: Reported ratio of thickness to length (T/L) for embedded improved
soil raft
Reference T/L Thickness (m)/Length (m)
Gaba (1990) 0.175 3.5/20
Hsiung et al. (2006) 0.15 3/20
Nakagawa et al. (1996) 0.146 7/47.9
Tanaka (1993) 0.311 9.5/30.5
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Grouting in sand
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Table 2.3: Properties of overlapping zone versus general zone within soil-cement
columns
Reference Observations Notes
Liao et al. (1994) Higher UCS for cores taken at soil




Ho (1995) Difficult to get consist good quality
mixture at intersection zone
JGP; clay
Yoshida (1996) Shear strength at lap-joint-fact






Strength of joint portion about 0.6
of strength of general portion
DCM; Sandy soils
Saitoh et al. (1996) Strength of soil-cement mixture re-





SPT N value about 80 at column
center; below 20 for interface be-
tween more than two columns
JGP; SPT; clay
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Fig. 2.1: Maximum wall deflection in a strutted excavation in soft soils (after Yong
et al., 1989)
Figures: Chapter 2 42
Fig. 2.2: Comparison of sheet pile wall deflections in an excavation in soft clay:
ungrouted area and grouted area (after Lee and Yong, 1991)
Fig. 2.3: Wall bending moment profile in an excavation supported by embedded
improved soil layer (after Goh, 2003)
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Fig. 2.4: Prediction of deformed shape of embedded improved soil raft from finite
element analysis (after Goh, 2003)
Fig. 2.5: Mobilisation of bearing capacity of embedded improved soil berm in an
excavation (after Zhang, 2004)
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Fig. 2.6: Supposed displacement pattern of treated soil later in an excavation
(after Tanaka, 1993)
Fig. 2.7: Contact arrangement of improved soil columns (after Nakagawa et al.
1996)
Fig. 2.8: Displacement, bending moment and change of K value due to excavation
(after Nakagawa et al., 1996)
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Fig. 2.9: Specimen reinforced with 4 grout columns (after Liao and Su, 2000)
Figures: Chapter 2 46
Fig. 2.10: Stress paths on the octahedral plane (after Liao and Su, 2000)
Fig. 2.11: Normalised tangential shear modulus versus normalized shear stress for
different improvement ratios (θ=120o) (after Liao and Su, 2000)
Figures: Chapter 2 47
Fig. 2.12: Layout patterns for reinforced soil specimens (after Liao and Tsai, 1993)
Fig. 2.13: Back-analysis results of retaining wall deformations after final excava-
tion (after Shikauchi et al., 1993), English translation see Fig. A.1
Figures: Chapter 2 48
Fig. 2.14: Model setup for studying lateral compression of improved soil model
(after Saito et al., 1994), English translation see Fig. A.2
Fig. 2.15: External load and model horizontal deformations (after Saito et al.,
1994), English translation see Fig. A.3
Figures: Chapter 2 49
Fig. 2.16: Model setup and instrumentation of improved soil model under lateral
compression and basal uplifting (after Ueki et al., 1995), English translation see
Fig. A.4
Fig. 2.17: Uplifting pressure and vertical deformation at the centre of the model
(after Ueki et al., 1995), English translation see Fig. A.5
Figures: Chapter 2 50
Fig. 2.18: Field measurements and FEM analysis results of horizontal wall defor-
mation (after Ogasawara et al., 1996), English translation see Fig. A.6
Fig. 2.19: Schematic view of the excavation for approach structure (after Ayoubian
and Nasri, 2004)
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Fig. 2.20: Horizontal variability of deep mixing columns (after Kawasaki et al.,
1984)
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Fig. 2.21: Strength variation in the radial direction of the soil-cement columns
(re-plotted from Kawasaki et al., 1984)
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Fig. 2.22: Hybrid RAS-JET system used in a field trial in Singapore
0 0.35 0.7 1.05 1.4
























Mechanical mixing part Jet grouting part
Fig. 2.23: Typical unconfined compressive strength profile of soil-cement columns
formed by RAS-JET in a field trial, Singapore
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Fig. 2.24: Variation of strength and modulus with distance from injection pipe
(after Bader and Krizek, 1982)
Figures: Chapter 2 55
Fig. 2.25: Strength distribution along the radial direction (after Sakai et al. (1994))
Fig. 2.26: Sampling in the vertical and the horizontal directions (after Sakai et al.
(1994))
Figures: Chapter 2 56
Fig. 2.27: Wall deflections measured on two sides of a deep excavation stabilised
by an embedded improved soil raft (after Shirlaw et al., 2005a)
Fig. 2.28: Masking effect (after Morey and Campo, 1999)
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Fig. 2.29: Results of instrumented load test on bored pile installed through a




As reviewed in the previous chapter, three methods, namely the back-analyse
of field data, the laboratory experiment and the numerical method (mainly the
finite element method) have been adopted in the study of the behaviour of an
embedded improved soil raft in an excavation. Of them, the back-analyse of field
data offers important chance to examine the actual performance of an embedded
improved soil raft in an excavation in the field. But the complex site conditions,
the construction details and the potential cost involved do not permit a systematic
investigation into the problem using such method. For laboratory experiments,
the boundary conditions can be controlled fairly easily, yet as discussed in Section
2.2, the overlapping features of the soil-cement columns in an embedded improved
soil raft is hard to produce. Finite element method, on the other hand, is a
powerful and cost-effective tool to analyse complicated geotechnical problems if it
is properly verified. It is able to handle complex boundary conditions easily and
is cost-effective in parametric studies. Finite element method is therefore used in
this research to study the mobilised mass properties of embedded improved soil
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raft in an excavation.
In its simplest form, if the soil raft is constructed with short vertical columns
just touching each other, as shown in Fig. 2.7, it can be seen that the most basic
building block for this scheme is two short circular columns just touching each
other. If the behaviour is assumed to be elastic, this is the classical Hertz Contact
problem which has an analytical solution. Thus, as the starting point to better
appreciate the composite behaviour of an improved soil raft, this basic building
block ought to be better understood. It also provides a solution to verify the
numerical model that is developed to simulate this problem. Thus, in this chapter,
a model verification exercise is conducted using the Hertz contact problem and
its associated analytical solutions. The verification exercise is also carried out to
back-analyse the field case-history reported by Nakagawa et al. (1996) and the
laboratory tests from experiments conducted by Liao and Su (2000) on partially
improved soil samples. After that, Section 3.3 will discuss the setup of model
that is used for the main study covering aspects such as geometry, material and
boundary conditions as well as the post-processing of FE results. All numerical
simulations in this chapter were completed using the general purpose finite element
package ABAQUS (HKS, 2003).
ABAQUS is a general purpose finite element package which is able to solve var-
ious engineering problems of different disciplines. For this research, static analysis
based on ABAQUS/Standard module is utilised to analyse soil-cement columns
being subject to lateral compression in Chapter 4 and combined effects of lateral
compression and basal uplifting in Chapter 5. The 10-node modified tetrahedron
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element (C3D10M) is used for the simulation of soil-cement columns and in-situ
soils while the neighbouring soil-cement columns are modelled by rigid body in
case of symmetry.
3.2 Model Verification
3.2.1 Hertz Contact Problem
The Hertz contact problem considered here is the plane strain analysis of two
identical cylinders just touching each other being pressed into each other. As a
plane strain problem, this implies that the two cylinders are infinitely long with
their axes parallel. Other assumptions made are that the load is sufficiently small
and that the contact is frictionless. Analytical solutions to the distribution of
normal stresses along the contact path are given in Equation 2.4.
If the symmetries in loads and geometry are taken into account, as shown
in Fig. 2.7, only a quarter of a cylinder needs to be modelled. The problem is
modelled using ABAQUS by pressing a quadrant of a deformable cylinder against
a flat, rigid surface. The finite element mesh used and the boundary conditions
imposed are shown in Fig. 3.1. The quarter cylinder is discretized with triangular
plane strain elements. The nodes on the left hand side boundary are restrained
in the horizontal direction but free to move vertically. The rigid surface is fixed
for all translational and rotational degrees of freedom. The loading is activated
by prescribing uniform displacements at the top boundary. In other words, the
problem is strain-controlled. To be consistent with the Hertz Contact problem,
the material for the cylinder is assumed to be isotropic linearly elastic (Table 3.1).
3.2: Model Verification 61
A mesh convergence study is also carried out here to assess the impact of
element size on the obtained solutions since this problem involves high stress
concentrations around the point of contact which will be shown later. The mesh
size is progressively reduced as shown in Fig. 3.1 and the normalised normal stress
along the contact patch is shown in Fig. 3.2. It can be seen that when the total
element number reaches 168, the results converge. In all the analyses for this
thesis, the finite element mesh is checked such that the mesh size is small enough
to capture the behaviour of embedded improved soil raft that is being modelled.
Fig. 3.3 shows the distribution of normalised normal stress along the contact
path together with the analytical solutions (Fischer-Cripps, 2000). The normal
stress follows the elliptical shape given by Equation 2.4 with the maximum value
appearing at the contact centre and the minimum at the edge. As can be seen, the
numerical results and the analytical solutions agree very well, an indication that
the numerical model is able to simulate correctly the contact problem. Analysis of
more complicated problems is carried out by gradually relaxing the assumptions
made in the Hertz contact problem in subsequent chapters.
Fig. 3.4 shows the von Mises stress contours within the cylindrical quadrant
obtained from the finite element analysis. They are very similar to the photo-
elastic fringe patterns (Fig. 3.5) observed from the laboratory experiments (John-
son, 1985). Both show high stress concentration near the contact path. If the
cylinder is divided into several concentric layers, the high stress zone then rests in
the outer layers which are close to the contact surface. The materials in the outer
layers are thus mobilised to a higher degree when the two cylinders are pressed into
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each other. In other words, the material properties in the outer layers would play
a more important role than those of inside in resisting the external lateral loads
- and as will be seen from subsequent studies in later chapters, this observation
plays a major role in governing the composite properties that are mobilised.
3.2.2 Simulation of Nakagawa et al. (1996)’s Case History
The improved soil layer that was reported in Nakagawa et al. (1996) is simulated
using three-dimensional model in ABAQUS. The soil-cement columns in the re-
ported study are arranged just in contact with each other. If only compressive
loads from the inwards moving retaining walls are considered, the symmetries in
loads and geometry require that only a quarter of a soil-cement column and its
surrounding soils needs to be modelled. However, such an arrangement where
columns are just in contact poses numerical difficulties in two ways. First, it is
observed in ABAQUS that it is very difficult to generate the mesh for the model
with elements of reasonably good shape at the sharp corners. Even if the mesh is
successful, severely distorted elements are inevitable at the sharp corners where
unfortunately the in-situ soils undergo severe deformations and thus require high
quality mesh to model the behaviour. Secondly, when soft soils are in between
two stiffer columns, some nodes in the column will penetrate into nearby columns
upon lateral loading, missing the very important interactions between two adja-
cent soil-cement columns. The results thus obtained would not be able to properly
account for the transfer of lateral loads from one end to the other.
A special treatment shown in Fig. 3.6 is employed by removing very small
amount of the in-situ soils at the sharp corners and let the newly exposed surface
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of the soil-cement column to contact with a rigid base in ABAQUS. The special
treatment allows lateral forces to be transmitted to the nearby soil-cement columns
and at the same time accounts for the contribution of the in-situ soft soils, albeit
with small inaccuracies introduced. Similar treatment is applied to the corner at
the right hand side in Fig. 3.6. The model is loaded up to 0.33% mass strain
which is the mobilised value based on the field data from Nakagawa et al. (1996).
The material properties for the improved soils and the in-situ soils are shown in
Table 3.2.
The normalised mass stiffness from the model is shown in Fig. 3.7. The mass
stiffness is about 30% of the elemental properties of the soil-cement columns and
reduces as the composite layer is further loaded. As shown in the solid line in
Fig. 3.9, the back-analysed coefficient of horizontal subgrade reaction by Naka-
gawa et al. (1996) was between 225 and 1000 tf/m (2205 and 9800 kN/m), only
3.0 to 13.3% of the designed value 7497 tf/m (73470 kN/m). The designed value
was obtained by “multiplying improvement rates by original coefficients of the im-
proved soil columns”, which in essence is a weighted average method but excludes
the contribution from in-situ soils. The numerical simulation of this simple model
shows that at least 70% reduction is expected due to such geometry arrangement
in which the uniform deep cement mixing columns are just in contact with each
other in the grid.
Though this is a simple model of a representative unit, its ability to account
for a large part of the reduction of the mobilised lateral stiffness from the elemen-
tal stiffness of the soil-cement columns is clearly demonstrated. The soil-cement
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columns such arranged are only able to mobilise very limited zones near the contact
when they are laterally loaded. A large portion of the column has low mobilised
stresses, as shown in the von Mises contours in Fig. 3.6. The mass stiffness de-
crease as the load increases is due to the yielding of soil-cement columns near the
contact region.
As reviewed in Chapter 2, the soil-cement columns that are formed in the field
are often not uniform and tend to show layered properties. A parametric study
is thus performed to assess the layering effects on the mobilised mass stiffness for
the field case reported by Nakagawa et al. (1996). In the parametric study, the
deep cement mixing columns were assumed to have two concentric layers that are
of the same cross-sectional areas. The properties of the outer layers were varied
from 1/4 to 4 times of the initial values while those of the inner layers were kept
the same.
Fig. 3.8 shows the mobilised mass stiffness normalised to the inner layer
stiffness for the parametric study. It is noted that, if the stiffness of the outer
layer is increased by four times, the mobilised stiffness is about 55% of the inner
layer stiffness. This value is higher than that of the uniform case, of which the
mobilised mass stiffness is about 30% . On the other hand, if the outer layer is
assigned with less stiff materials, the mobilised mass stiffness can be reduced to
only about 12% of the elemental material stiffness. Based on a review of literature,
generally for deep cement mixing or jet grouting columns, the outer layers show
less stiff properties unless in some hybrid soil-cement columns which are formed
by different mixing mechanisms. Thus, this set of results points to the possibility
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that in the field, the mobilised mass stiffness might experience further reduction if
layering effects are taken into account compared to the uniform column cases. The
parametric study here is not a back-analysis of the field case but an assessment
of the possible impact of layering on the mobilised mass stiffness of a group of
soil-cement columns arranged in a grid in Nakagawa et al. (1996)’s field case.
The range of variation of the elemental properties of the outer layers is based on
a summary from the literature (see Table 2.2). When such reasonable range of
variation (1/4 to 4) is considered in the model, the mobilised mass stiffness can
change from about 50% to about 12% of the elemental stiffness of the inner layers.
This clearly suggests the importance of knowing the geometry arrangement as well
as the layering profile of a group of soil-cement columns in assessing the mobilised
mass properties.
The simulations here only accounted for two factors, the geometry arrange-
ment and the layering. There are other factors that might affect the mobilised
mass stiffness as well, such as uplifting pressures or holding piles as will be shown in
Chapter 5. Proper accounting of these other factors might result in a better quan-
titative match between the numerical simulations and the reported back-analysis.
Nevertheless, the main aim of this simulation is to show that the critical factor
for the differences in the mobilised mass stiffness and the elemental stiffness of the
soil-cement column is the special geometry arrangement of soil-cement columns
which are laterally compressed. It is also shown that the layering profile of the
soil-cement columns could impact the mobilised mass properties and should be
properly considered. Some practical recommendations will be developed in Chap-
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ter 4 and 5 after systematic examination of several influencing factors.
3.2.3 Back-Analysis of Liao and Su (2000)’s Laboratory
Tests
Liao and Su (2000) recognized that in an excavation, the improved soils are subject
to lateral compression. This lateral compression would then cause a rotation of
the major principal stresses in the improved soils from vertical in the in-situ state
to horizontal after excavation. They recognized that the true mobilised properties
are in the lateral rather than in the vertical direction, and that the mobilisation
must be able to take into account effect such as rotation of principal stress. For
this purpose, they performed true tri-axial tests (Ko and Scott, 1967) on partially
improved silty clay samples to study the effects of principal stress rotation on
the stress strain behaviour of the composite sample. The stress rotation in their
tests was achieved by adjusting the face pressures acting on the sample in three
directions.
As part of the verification exercise for this study, their tests were simulated
using ABAQUS. Fig. 3.10 shows the finite element models used for different
improvement ratios. Only a quarter of the sample was modelled taking advantage
of symmetry of the problem. The surfaces on planes of symmetry were fixed
in their normal directions while free to move in the other two directions. Face
pressures were imposed on the other three outer surfaces, similar to what happened
in their experiments. There were two steps in the numerical model. The first step
was to establish the hydrostatic condition for the sample. In the second step, the
face pressures on the three outer surfaces were adjusted concurrently to shear the
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composite sample such that the stress paths in the octahedral plane will follow
those in the experiments. The definition of various symbols, such as b , θ, σvc , is
shown in the list of symbols.
The material parameters used in the simulations are shown in Table 3.3. The
stiffness of the unimproved soils is obtained by trial and error till the numerical
results are close to the laboratory test results at low shear stress level. Similarly,
a set of piecewise strain hardening parameters for the unimproved soils are ob-
tained to match the decrease of normalised octahedral stiffness. The stiffness of
the improved soils is taken to be 20 times of that of the unimproved soils and the
strength about 9 times. These are consistent with the differences of the unim-
proved and improved material properties in Liao and Su (2000)’s study. Table 3.3
shows the material properties used for the analyses here.
Figures 3.11 and 3.12 show the simulation results of the normalised octahedral
stiffness-stress and stress-strain relationships. In general, the present numerical
simulations produce similar trends as reported in Liao and Su (2000) though quan-
titatively there are deviations. For such loaded partially improved soil samples,
the improvement in the shear modulus is pronounced at the low shear stress level.
The improvement ratio in the shear modulus is 190% in Liao and Su (2000)’s lab-
oratory tests and 43% in the present numerical simulations. The shear modulus
quickly decreases as the shear stress increases. At normalised shear stress of 0.2,
there is very little improvement in stiffness. On the other hand, the increase in
the strength of the treated sample is only about 48% in their experiments and
11% in the simulations. Fig. 3.12 shows that the strength was mobilised at large
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octahedral shear strains. Such large strains are less likely to happen in the field.
The main purpose of an embedded improved soil raft is the control of wall de-
flections and its associated ground movements. By the time such large strains
are mobilised, the walls would have already deflected so much that the embed-
ded improved soil raft fails to meet its purpose. The tangential shear modulus is
therefore a more important parameter that deserves attention since even for low
shear stress level, a more likely case in the field, there can be quite substantial
variations if the improvement ratio is high.
3.3 Model Setup
3.3.1 Geometry, Material & Boundary Conditions
The behaviour of an embedded improved soil raft in an excavation is complicated
due to the non-homogeneity that is inherent to an improved soil raft as a result of
the way it is constructed. The improved soils in the field are seldom homogeneous
and tend to have different properties even in different layers within one soil-cement
column. When multiple soil-cement columns are constructed to overlap with each
other to form a soil raft, it is shown in Chapter 2 that the overlapping zones
are likely to have different properties compared to the general zones depending
construction techniques employed. It is also possible that due to complicated
site conditions, one or more soil-cement columns are missing, leaving parts of the
in-situ soils untreated, all these resulting in complicated boundary conditions.
Besides the non-homogeneous properties observed in improved soils, the mass
behaviour of an embedded improved soil raft is further complicated by the fact
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that besides being subject to lateral compression, it is also subject to basal uplift
in an excavation. If the properties are non-isotropic, this can have a significant
influence on the mobilised mass properties .
Due to the complexity of this research problem and also the many possible
interacting factors, it is very important to build up our understanding of the prob-
lem in a systematic way so that as the problem gets complex, it is possible to know
the ways the different factors are interacting. Thus the approach chosen is to start
from a simple model and gradually take into account the various factors that are
known to have an effect on this problem. At first, model of a representative unit of
an embedded improved soil raft are carried out to study the effects of overlapping
and the impact of layering within each column, and this will be reported in Chap-
ter 4. In such analyses, only lateral compression loads are considered. After this,
the study will examine the combination of being subject to lateral compression
and basal uplift. Also, the effect of holding piles in this situation is studied. These
studies will be reported in Chapter 5.
Typical stress-strain relationships of cement treated soils obtained from un-
confined compressive strength (UCS) tests are shown in Fig. 3.13. At low strains,
the stress-strain behaviour is nearly linear. This linear elastic stage is followed by
a strain hardening stage and then finally a rapid strain softening stage, suggesting
a fairly brittle behaviour. To incorporate all the three stages in numerical mod-
els is challenging, especially the strain softening stage which demands specially
designed finite element code (Borja et al., 2000). Figures 3.14 and 3.15 show
an attempt to model the UCS test with strain hardening and strain softening in
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ABAQUS. The strain hardening/softening is defined piece-wisely by adjusting the
cohesion with respect to the corresponding equivalent plastic strains (HKS, 2003).
It can be seen that the simulation was able to model the strain hardening quite
well. But when it comes to strain softening, the stress obtained from the simu-
lation either overshoots or falls below the correct values depending on how the
increments in the analysis job is controlled. If very fine increments are enforced,
for example each increment in the analysis is set to be one percent of the total
load step, the stress strain curve drops at a smaller strain (solid line in Fig. 3.15).
On the other hand, if automatic increment control in the analysis is adopted, the
stress drops to larger strain. Partly because of the difficulties in correctly mod-
elling the strain softening features using current numerical tools, only isotropic
linearly elastic model and linearly elastic perfectly plastic model are considered
for the improved soils in this research. Another reason for the adoption of simple
material models is that this research mainly focuses on the mechanics rather than
on the modelling. As discussed in the previous paragraph, simple elemental ma-
terial models permit a systematic build-up of the understanding of the mechanics
of how various interacting factors affect the mobilised mass properties.
The compressive loads from lateral moving retaining walls are simulated by
subscribing uniform displacement boundary conditions along one side of the model
while fixing the other side in the lateral direction. The lateral displacements are
applied to the soil raft when only compressive loads are modelled. In later chap-
ters, the interface between soil raft and retaining walls might separate when it is
subject to lateral compression and basal uplift at the same time. In such cases,
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the interaction between an embedded improved soil raft and retaining walls is
modelled through a pair of contact surfaces (HKS, 2003), a master surface on
retaining walls and a slave surface at the end of soil raft. The uniform displace-
ment boundary conditions are then imposed on the retaining walls which interact
with the soil raft through the contact surfaces and separate with the soil raft if
tensile normal stresses develop during analysis. The basal uplift is modelled by
applying uniform surface pressures on the soil raft at the start of an analysis and
reducing the pressure on the top surface while keeping the pressure on the bottom
throughout the analysis. This is to simulate a gradual reduction of overburden
on top of an embedded improved soil raft as excavation proceeds. This procedure
is adopted as it has been observed from an excavation analysis that there is little
change in the pressures acting at the bottom of a soil raft, a point which will be
discussed later in Chapter 5.
3.3.2 Calculation of Mass Stress, Strain and Stiffness
The focus of this research is on the mobilised properties of the entire embedded
improved soil raft in the lateral direction, which is referred to as the mobilised
mass properties. The mobilised mass stress strain curve is computed first and
the mass stiffness is then derived from this curve. To compute the mass stress,
the lateral nodal reaction forces at the edge of a soil raft are specified as an
output in ABAQUS (HKS, 2003). The ABAQUS output data file also contains
analysis increment outputs which can be used to compute the mass strain. At
the same time, ABAQUS writes into the output data file large amount of various
other analysis outputs which need to be separated. A MATLAB code (MATLAB,
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2006) was written to extract the nodal reaction forces and the increment outputs
from the output data file. Based on these data, the mobilised stress and strain
relationships are computed.
The mass stiffness at the beginning of a current strain increment is defined
as the change in mass stress divided by the change in mass strain as shown in
Fig. 3.16. Such stiffness is termed secant stiffness, which is different from the
true stiffness, the tangent stiffness. The difference is related to the size of the
strain increment. If the increment is sufficiently small, the difference between the
secant stiffness and the tangent stiffness will be negligible. Fig. 3.17 shows four
numerical simulations of UCS test with linearly elastic perfectly plastic material.
All settings for the simulations are the same except that the increments are varied
from 0.06 to 0.01 of the total load in a step. It shows that an increment of 0.06
is not enough to match the sudden drop in material stiffness from 300 MPa to 0
MPa for the input material model, but reducing the increment size can result in a
better match. An increment of 0.02 is sufficient to model the steep drop. Further
reduction of the increment size would only increase the demand on computing
time but with negligible improvements in results. It is noted in this research that
the change in mass stiffness of an embedded improved soil raft is less abrupt than
that in the above UCS test. Usually there is a gradual drop in mass stiffness
as the strain increases as shown in Fig. 3.18. An increment of 0.02 would also
be sufficient for modelling such less-abrupt changes in mass stiffness. For the
analyses in subsequent chapters, the increments are controlled such that they do
not exceed 0.02. Automatic reduction of increment size is allowed so that the
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nonlinear solution path in an elastoplastic analysis can be followed (HKS, 2003).
If the entire improved layer is assumed to be homogeneous and isotropic and
subject to lateral compression only, the laterally mobilised stress and strain rela-
tionships of an embedded improved soil raft would be the same as the properties of
a cored sample in the vertical direction. As shown in Chapter 2, such homogeneity
and isotropy conditions are rarely met in the field where the soil-cement columns
are constructed one by one and arranged to overlap with each other. For exam-
ple, the overlapping zones often have reduced properties compared to the general
zone and even in the radial direction within one soil-cement column, there tends
to be different layers with different properties. Further, the embedded improved
soil raft is subject to lateral compression as well as basal uplifting. When these
factors, together with other factors such as geometry arrangement of soil-cement
columns are taken into account, the mobilised stress and strain relationships of
an embedded improved soil raft would start to deviate from the elemental prop-
erties that are obtained from laboratory tests on vertically cored samples. It is
these laterally mobilised properties rather than the elemental properties that are
controlling the wall deformations and the associated ground movements.
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Table 3.1: Material parameters used to simulate Hertz contact problem
Material Parameters Columns
Young’s Modulus: E 300 MPa
Poisson’s Ratio: ν 0.495
Table 3.2: Material parameters used to simulate Nakagawa et al. (1996)’s field
case
Material Parameters Improved Soils Unimproved Soils
Young’s Modulus: E 396 MPa 6000 kPa
Poisson’s Ratio: ν 0.495 0.495
Friction Angle: φ (o) 0 0
Dilation Angle: ψ (o) 0.01 0.01
Cohesion Yield Stress: c 1980 kPa 30
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Table 3.3: Material parameters used to simulate Liao and Su (2000)’s field case
Material Parameters Improved Soils Unimproved Soils
Young’s Modulus: E 50 MPa 2000 kPa
Poisson’s Ratio: ν 0.495 0.495
Friction Angle: φ (o) 0 0
Dilation Angle: ψ (o) 0.01 0.01
Cohesion Yield Stress: c 292.8 kPa 6.04 [0.000]
and corresponding 15.75 [0.033]
plastic strain in [] 24.80 [0.190]
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Fig. 3.1: Mesh, loading and boundary conditions for convergence study of Hertz
contact problem
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Fig. 3.2: Results of mesh convergence study
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Fig. 3.3: Numerical and analytical solutions to Hertz contact problem


















Fig. 3.4: Von Mises contours for Hertz contact problem
Fig. 3.5: Two-dimensional photo-elastic fringe patterns (contours of principal
shear stress) for contact of cylinders (after Johnson, 1985)
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Fig. 3.6: Numerical model to simulate the improved soil layer reported in Naka-
gawa et al. (1996)




























Fig. 3.7: Mobilised mass stiffness of the improved soil layer in Nakagawa et al.
(1996)
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Fig. 3.8: Impact of layering on the mobilised mass stiffness of the improved soil
layer in Nakagawa et al. (1996)
Fig. 3.9: Correlation of depth of excavation with displacement, and K value (after
(Nakagawa et al., 1996))












Triaxial test simulations (Liao:2000): Ir=3.3%















Triaxial test simulations (Liao:2000): Ir=7.5%















Triaxial test simulation (Liao:2000): Ir=13.3%




Fig. 3.10: Finite element models for simulation of Liao and Su (2000)’s laboratory
tests
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Fig. 3.11: Normalised tangential shear modulus versus normalised shear stress
Figures: Chapter 3 82
0 5 10 15 20 25 30































Fig. 3.12: Normalised octahedral shear stress versus octahedral shear strain for
different improvement ratios
Fig. 3.13: Typical stress strain relationships for cement-treated soil (after Lee at
al, 2005)
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Fig. 3.14: Modelling of strain hardening in unconfined compressive strength test

















Fig. 3.15: Modelling of strain softening in unconfined compressive strength test
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Fig. 3.16: Calculation of mass stiffness





























Fig. 3.17: Increment control in simulation of UCS test in ABAQUS
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In monitoring the quality of an embedded improved soil raft in the field, typi-
cally, vertically cored samples from individual soil-cement columns are obtained
for testing in the laboratory. The elemental properties (i.e. strength and stiff-
ness) obtained from these tests, representing the quality of individual soil-cement
columns, are then used for design purposes. Therein lies a problem; samples are
cored vertically and usually also tested vertically to obtain both the compressive
strength and also the Young’s Modulus for design use. However, in reality, when
the improved soil raft is called upon to restrain the retaining wall from moving in,
the resistance comes from the composite strength and stiffness in the horizontal
direction which are affected by the imperfections and heterogeneity in the hori-
zontal direction as well as how the columns are arranged and overlapped with each
other. The mobilised properties of such an embedded improved soil raft, used to
stabilise an excavation, are not going to be dependent on the elemental properties
alone. Once it is realized that the restraint comes from the composite strength
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and stiffness in the horizontal direction, the non-uniformities in the horizontal
direction, even within the same improved soil column, become important consid-
erations in the estimation of the composite properties. This chapter reports how
geometry arrangement and elemental property variation impact the mass proper-
ties of an embedded improved soil raft being laterally compressed. Other factors
such as combined loads of lateral compression and basal uplifting, the non-perfect
treatment and the presence of holding piles, are examined in the next chapter.
4.2 Variability in Improved Soil-cement Columns
Fig. 2.21 in Chapter 2, which was derived from actual field studies, shows that
the outer layers of the deep mixing columns generally have lower strength than
the inner layers (Kawasaki et al., 1984). When these columns are arranged and
subjected to loads that act on them horizontally, these variations will have an
important impact on the mobilised properties. While in another site in Singapore,
a hybrid system combining the use of mechanical deep mixing and jet grouting,
coined as the RAS-JET system, was used to form the soil-cement columns in
the ground with two distinct layers. The outer layer, obtained by jet grouting is
often stiffer than the inner layer obtained by mechanical mixing (see Fig. 2.23).
With a different way in the arrangement of the different layers in a column, the
mobilised properties of the improved soil layer when acting like a horizontal strut
will be affected. Nakagawa et al. (1996) back-analysed a deep excavation in soft
soils in Tokyo and their back-analysed coefficient of horizontal subgrade reaction,
an expression of mobilised mass stiffness in the horizontal direction, was only
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about 13.3% of the designed value. Similarly, a back-analysis of an excavation
in Singapore by Pickles and Henderson (2005) showed that the mobilised mass
behaviour was very different from the results obtained from the cored samples:
the back-analysed mass stiffness was about 70MPa while the stiffness from tests
on cored samples was well over 200MPa. This very significant difference is likely
to be due to the way the properties vary within each column, the way the columns
are arranged and also possible defects in the construction.
In current design practice, the mass properties of such an improved soil raft
are often estimated by the weighted average method, which summates the prop-
erties of each constituent weighted by their respective volume ratio in the com-
posite (Porbaha, 2000b). Sometimes an additional parameter is introduced into
the method to fine tune its prediction of mass properties (Ou et al., 1996). The
underlying philosophy of this method is that the properties for each constituent
are mobilised concurrently and therefore the summation gives the best estima-
tion. It works for the case where a potential slip line cuts through the improved
ground, such as from an embankment loading shown in Fig. 4.1(b). However,
the mobilised mechanics of an embedded improved soil raft during an excavation
(Fig. 4.1(a)) is very different. The improved soil raft is compressed horizontally
as the excavation proceeds; it is also subject to basal heave as the overburden is
gradually removed (Tanaka, 1993; Shirlaw, 2003). The contact between the soil-
cement columns and the properties near the contact area are therefore critical for
the composite mass to resist the excavation loading. If one soil-cement column is
missing due to workmanship, it would have little impact on the overall behaviour
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in the embankment loading case while the effect could be significantly more se-
vere in an excavation loading case since the horizontal load transfer chain could
be broken – the weakest unit in the chain has a significant impact on the overall
performance.
To illustrate this point graphically, consider two identical columns in point
contact and being pressed into each other laterally, as shown in Fig. 4.2. Both
columns are divided into two concentric layers that have the same cross-sectional
area. In the first case, the outer layer is less stiff while the inner layer is very stiff,
whereas for the second case, it is the reverse with the outer layer very stiff and
the inner layer soft. When mobilised to resist the lateral loading, the composite
behaviour of the two columns acting together would be dramatically different. In
the first case, with the less stiff outer layers contacting each other, the mobilised
mass behaviour will be close to that of two less stiff columns being pressed against
each other; whereas in the second case, the behaviour is close to that of two very
stiff columns. On the other hand, if a weighted average method based on area
is used, the estimated mobilised properties would show little difference between
the two cases! This simple example vividly highlights the problem that would
appear if an improved soil layer comprising such columns is used like a strut in an
excavation to restrain the inwards movement of the retaining wall, and a weighted
average method is used to arrive at the design value! An understanding of how
an array of such columns behaves collectively when loaded laterally is clearly very
important at arriving at more accurate design parameters.
Thus, this study is concerned with how to interpret the mobilised mass prop-
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erties given some information about the elemental properties, the way these prop-
erties could vary and how they are arranged. Through this, an insight will be
gained into how such an improved soil raft consisting of overlapping columns will
behave when mobilised to restrain a retaining wall from moving inwards during
an excavation. Some guides will also be recommended for engineers to consider in
the design of such an embedded improved soil raft to stabilise an excavation. This
research will not deal with the issue of how the elemental properties are obtained
as that is an issue of characterization, a topic that has been dealt with in great
details by many other researchers.
4.3 Study Approach
The behaviour of an embedded improved soil raft in an excavation is complicated.
To make the problem amenable, systems with simple geometric, material and
loading configurations will be examined first; and complexities are then gradually
introduced into the model in order to build up the necessary understanding of
this complicated problem in a systematic manner. Fig. 4.3 shows the logic of the
analyses to be discussed here. In the study, the mass behaviour of one row of
columns in point contact and being compressed laterally was examined first. This
is in fact an example of the Hertz contact problem to which an analytical solution
exists if the column is uniform and its material model is isotropic and linearly
elastic (Johnson, 1985). The Hertz contact problem serves both as the benchmark
for the calibration of numerical models and a starting point for understanding how
the elemental properties changed when an array of columns is being mobilised as
4.3: Study Approach 91
a group. The columns in the row were then allowed to overlap with each other
(Fig. 4.3(b)). Finally, multiple overlapping columns arranged in an equilateral
triangular grid were studied. Taking advantages of symmetry, only the shaded
area in each configuration needed to be modelled in the numerical simulations.
The simulation of Hertz contact problem and all the subsequent problems in this
chapter are carried out using the general-purpose finite element package ABAQUS
(HKS, 2003).
Two of the simplest constitutive models were chosen for the elemental mate-
rials, as the main aim of this study is on the mechanics. The first is the isotropic
linearly elastic model which is the simplest in a numerical analysis. The elastic
model is able to characterize the initial response of the composite ground when
loaded. As the load increases, a failure criterion is needed to capture the yielding
of the individual column. This necessitates the use of a second material model
which is the elastic perfectly plastic model using the Mohr Coulomb failure cri-
terion, which is used commonly in practice to model such improved soil layers
(Hsi and Yu, 2005). Fig. 4.4 shows the stress, strain and stiffness relationships
for the two elemental material models. The magnitude of the stiffness was set
to 300MPa, a typical value for soil-cement samples from the field. The uncon-
fined compressive yield stress of the elastic perfectly plastic material model was
assumed to be 3000kPa. This would give a failure strain of 1%, which falls into
the reported range from field samples (Wen, 2005).
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4.4 Hertz Contact Problem
The mesh for modelling Hertz contact problem as well as the analogy is shown in
Fig. 4.5. In the model, 10-node tetrahedron element (C3D10M) is used to model
a quarter of soil-cement column with a radius of 0.9m and a height of 3m. The
mobilised mass stiffness of Hertz Contact problem, namely two columns in contact
being subject to lateral compression, is normalised by the elemental stiffness of
the column and plotted in Fig. 4.6. This shows that the mobilised mass stiffness
is only 22% of the elemental stiffness upon initial loading and increasing to about
34% when the strain is 2%. This observation points to the need to differentiate the
properties of individual columns from those of the columns acting as a composite
mass.
In this analysis, stress concentration was observed in the region that was close
to the contact area. If the cylinders are divided into several concentric layers from
centre to edge, the outer layers would bear higher stresses than the inner ones.
In other words, when the columns are mobilised as a whole to resist the lateral
loading, the properties of the outer layers are more important.
To make this observation clearer, analysis was conducted to simulate the sce-
narios as shown in the analogy in Fig. 4.2. In this analysis, the model is the same
as shown in Fig. 4.5 but the soil-cement columns were divided into two layers
with the same cross-sectional areas. In one run, the outer layer was assigned with
a stiffer material while the inner layer with less stiff material (Table 4.1). The
material properties for each layer were swapped in the next run. The results, in
terms of the mass stress strain and stiffness relationships, are shown in Fig. 4.7.
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It can be seen that when the outer layer is assigned with a stiffer material than
the inner, the mass response is much stiffer than in the reverse case. Given that
the cross-sectional areas for the two layers are the same, this set of results clearly
shows that the outer layer is more important than the inner layer in evaluating
the mass responses of an embedded improved soil raft for use in an excavation.
More importantly, this example also points to the observation that in the case
of an improved soil raft, the arrangement has a significant impact on the mobilised
properties. For the case where the outer layer is stiffer, the mass stiffness is about
12% of the material stiffness of the stiff layer. The mobilised mass stiffness is about
7.3% of the material stiffness of the stiff layer if such layer resides in the inner
parts of the columns. More quantitative transformations of the elemental material
stiffness to the mass stiffness for different geometric and layering configurations
will be shown in later parts.
4.5 Mobilised Mass Properties of Improved Soil
Layer
4.5.1 One Row of Columns in Point Contact
Fig. 4.8 shows the mobilised mass stress strain and stiffness relationships of one
row of columns in point contact being compressed laterally; this is essentially
an extension of the Hertz contact problem and the model as shown in Fig. 4.5
is used again here. In this analysis, it is important to reiterate that the model
used to model each element is the isotropic linearly elastic model. An impor-
tant observation from this figure is that when the row of columns is mobilised
as a whole upon lateral loading, the mobilised mass behaviour is non-linear even
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though the elemental behaviour is based on an isotropic linearly elastic model! A
simple conclusion is that in practice, even if the tests show that the properties of
cored samples are linear, the properties that are actually mobilised to provide the
restraint are likely to be non-linear. This is an important observation!
In Fig. 4.8, when the elemental property is assumed to be linear elastic, the
mobilised mass stress-strain curve concaves upwards (solid line in Fig. 4.8). This
suggests that the overall behaviour is strain hardening, that is the mass stiffness
increases as the columns are gradually loaded. Quantitatively, the mass stiffness
for the isotropic linearly elastic case upon initial loading is about 22% of the
elemental material stiffness upon initial loading and this will increase to 34% at
a mass strain of 2%. The reason for this stiffening behaviour is due to increase
in the contact area as the load is increased. At the start of the analysis, the
columns are only in point contact. However, as the load is increased, the area of
the mobilised (or contact) zone gradually increases. This increase in the area of
contact leads to a stiffer mass response. Since no failure criterion is prescribed
in an isotropic linear elastic model, there is no limit to the shear stress increase
within each column. The mass stiffness can therefore continue to increase, albeit
at a reduced rate.
In a more realistic simulation, a failure criterion ought to be introduced. In
this case, the Mohr-Coulomb failure criterion is coupled with the elastic model
to simulate this failure behaviour. Once the failure criteria is introduced into the
elemental material model, part of each column will undergo yielding once the shear
stresses within the columns reach the elemental material strength. These yielded
4.5: Mobilised Mass Properties of Improved Soil Layer 95
parts, if sufficiently large, dominate the mass behaviour and will drastically reduce
the mass stiffness even though a bigger area has been mobilised, as shown by the
behaviour of the dashed line in Fig. 4.8. So the mass stiffness is about 22% of the
elemental material stiffness when it starts to drop as the system is further loaded.
4.5.2 One Row of Overlapping Columns
What the above analysis has shown is that if the columns are arranged to just
touch each other, the mobilised mass stiffness is significantly lower than that
of the elemental stiffness due to the fact that the point contact has room to
deform. To overcome this in practice, the columns usually overlap each other.
This configuration is examined next, as shown in Fig. 4.3(b). Again, an isotropic
linear elastic model is assumed for the individual element. An overlap parameter
L, which is defined as half of the distance between the centres of two adjacent
columns (Fig. 4.10), is introduced to facilitate discussion. A smaller L means
a larger amount of overlapping. The columns would be in point contact if L




R, which gives L of 0.779 m for R = 0.9m. Finite element meshes for several
overlapping parameter L are shown in Fig. 4.9. The radius of the columns is 0.9
m while the height is 3 m.
Fig. 4.10 shows that compared to columns arranged to just touching each
other, when the columns are overlapping each other in a row, the mobilised mass
stiffness initially already shows a significant increase. For example, the mass stiff-
ness is about 55% of the elemental material stiffness when the overlap parameter
L is 0.850m. This set of results confirms the importance of ensuring that improved
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soil columns must be constructed with adequate overlapping. To appreciate the
importance of this overlap, Fig. 4.11 compares the stress contours for the case of
columns which are just touching each other versus the case where the columns are
overlapping. An examination of the von Mises stress contours at 0.8% mass strain
(Fig. 4.11) show that the stresses for the point contact case (just touching each
other) are concentrated mainly near the contact point while this is spread to a
much wider area for the overlap case. For the point contact case with L = 0.900m
and the very small overlap case with L = 0.897m, the mobilised high stresses
mainly reside in the outer layers as shown in the top two sub-figures in Fig. 4.11.
It is also shown in Fig. 4.11 that as the degree of overlap increases, a larger part
including some parts in the inner layers are also mobilised. The mobilisation of
the inner parts of uniform soil-cement columns at large overlap would impact the
mobilised mass properties when the layering effects are considered for overlapping
columns. The interaction of the overlap and the layering will be discussed next.
For one row of overlapping, uniform soil-cement columns, obviously the next
question is the relation of the mobilized stiffness to the amount of overlap as more
overlap would imply higher cost of construction. Intuitively, the mass property of
these overlapping columns should approach the elemental property as the overlap
becomes increasingly large. Since the mobilised mass stiffness is not a constant
but varies with the mass strain, its value at 0.8% mass strain was extracted and
plotted in Fig. 4.12 for comparison. As expected, the mass stiffness approaches the
elemental material stiffness as the overlap parameter L decreases or the amount
of overlap increases. An important point to note is that even with a very small
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overlap, for example L = 0.897m, the initial mass stiffness is nearly 1.5 times of
that of the case where the contact is a point. Thus a small overlap is shown to
have a big impact on the stress distribution within the column as a larger area is
mobilised right from the start of loading.
What Fig. 4.12 also shows is that once the uniform soil-cement columns are
overlapped to some extent, the mass stiffness becomes less sensitive to the degree
of overlapping. However as this figure also shows, a certain reduction from the
elemental properties is required to take into account the effect of overlapping.
Common overlapping used in practice (L = 0.779m for column radius of 0.9 m)
would typically imply that the mobilized stiffness will see a reduction of at least
30% from the elemental stiffness.
4.5.3 Interaction of Overlapping and Layering
As discussed in the early part of this chapter, soil-cement columns in the field
tend to show layered properties. It is therefore necessary to examine the effects
of material layering on the overlapping soil-cement columns. Fig. 4.13 shows the
results for one row of overlapping columns with two layers having equal cross-
sectional areas but being assigned with different stiffnesses, 300MPa for the stiff
layer and 75MPa for the less-stiff layer. The overlap parameter L varies from
0.900m to 0.850m. Similar to the mass behaviour shown in Fig. 4.7, the mass
stiffness for L = 0.897m case is higher when the outer layer is assigned with stiffer
material. But when L further decreases, or the degree of overlap increases, the
mobilised mass stiffness is higher when the inner layer is assigned with stiff ma-
terials. This is unexpected from the intuitions gained from the analogy presented
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earlier. As mentioned in the previous section, for the uniform soil-cement columns
with large overlap, a fairly large part of the inner layers is also mobilised as shown
in Fig. 4.11. The stiffness ratio between the two layers in this analysis series is 4
(300MPa versus 75MPa). At such stiffness ratio with large overlap, it seems that
high stresses are also mobilised over large part of the inner layers when the inner
layers are stiffer. The mobilisation of the inner layers at large overlap appears to
contribute the unexpected results observed above.
A parametric study was carried out to examine the mobilised mass behaviour
of the soil-cement columns at large overlap (L = 0.880m) with different stiffness
ratios. The results are shown in Fig. 4.14. It is noted that as the stiffness
ratio increases, the mass stiffness for both the inner-stiff (IS) and the outer-stiff
(OS) cases increases and that the increase in mass stiffness in the OS case is
larger. At stiffness ratio of 4, the mass stiffness for the IS case is higher than
that of the OS case. But at stiffness ratio of 48, it is reversed and in line with
the intuitive expectation from the previous analogy. The von Mises contours at
stiffness ratio of 4 and 48 are shown in Fig. 4.15. It shows that when the maximum
mobilised von Mises stress for the IS case at stiffness ratio of 4 and 48 are not
very different: 1805kPa versus 3302kPa. But for the OS case, it changes from
3136kPa to 17800kPa, about five times increase. This appears to be the reason
for the reverse observed in Fig. 4.14. The benefits of a stiff outer layer are more
pronounced at high stiffness ratios for one row of overlapping soil-cement columns
with layered properties.
From Figures 4.13 and 4.14, it is also observed that a stiffer outer layer helps
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keep the initial mass stiffness till a larger mass strain is mobilised. Besides the
initially mobilised mass stiffness value, this is another very important contribu-
tion to controlling of wall deflections and associated ground movements in deep
excavation. This will be analysed in details in Chapter 5.
Parametric studies were carried out to evaluate the effect of stiffness ratio of
the outer layer to the inner layer on the initial mass stiffness for different degrees
of overlap. For each overlap parameter, the stiffness ratio is varied from 0.125 to
8, a range that can cover the reported variation from the field (Kawasaki et al.,
1984). The soil-cement columns are assumed to have equal cross-sectional areas.
The results are shown in Fig. 4.16 with the vertical axis showing the initial mass
stiffness normalised by elemental stiffness of the inner layer. Generally, increasing
the degree of overlap helps to make the composite system stiffer; and this effect is
more evident when the stiffness ratio increases. In other words, even if sufficient
overlap in the field is ensured, the benefit from overlapping can still be negated if
the outer layer is less stiff than the inner layer. The findings clearly illustrate that
it is important to improve the workmanship in the field to have a better control
of the positions of the soil-cement columns and to core samples that are located
in the outer layer.
4.5.4 Multiple Overlapping Columns
In this section, the soil-cement columns overlapping in equilateral triangular grid
as shown in Fig. 4.3(c) are studied. Two parameters are examined, i.e. the
stiffness ratio of the outer layer to the inner layer and the volume ratio of the
outer layer to the whole soil raft. A volume ratio of 50% means that the inner
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and the outer have the same cross-sectional area. The results are shown in Fig.
4.17. The initial mass stiffness is again normalised by the stiffness of the inner
layer material. For uniform soil-cement columns with stiffness ratio of 1 and being
overlapped in the grid as shown in Fig. 4.3(c), the corresponding mass stiffness
must be the same as the elemental stiffness. Thus all the curves in Fig. 4.17 pass
through the same point (1,1). The scatter in the initial mass stiffness is greater
as the stiffness ratio deviates from 1. As expected, the variation in initial mass
stiffness is the most significant for volume ratio of 90% when stiffness ratio varies.
It is difficult to separate the contribution of the outer layer as the relative volume
ratio of the outer layer is also a factor that contributes to the overall mass stiffness.
To separate these two factors, the initial mass stiffness for volume ratio 50% is
normalised by the material stiffness of both layers as shown in Fig. 4.18. The
variation of the normalised initial mass stiffness is smaller if it is normalised to
the stiffness of the outer layer material. If the outer layer properties are known,
there is less variation in the mass properties than if the inner layer properties
are known. Again, this observation re-emphasizes that the outer layer is more
important in evaluating the mass properties for an embedded improved soil raft
used for stabilising an excavation. Therefore, for core sampling in the field, more
attention should be paid to the outer layer. One big problem is that usually these
columns are constructed prior to an excavation; and as no visual observation is
possible during coring. With the present understanding that the properties of the
outer layer are more important than those of the inner layer, a practical solution
is to take two samples from a column not more than a radius apart. While this is
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not a perfect solution, it goes a long way to alleviate the situation.
4.6 Summary
In many deep excavations in soft soils in urban areas, a layer of soil below the
formation level is often improved to stabilise the excavation. The improvement,
usually by deep cement mixing or jet grout piling method, will result in a row of
overlapping short columns being constructed. Soil investigation carried out will
usually provide information on vertical cores obtained from such columns. But
these columns are usually subjected to lateral (usually horizontal) load imposed
by the inward moving retaining wall. It is the mobilised mass properties in the
lateral direction that is of importance in the design of such an excavation. In
this chapter, the mechanisms of how the mass properties are mobilised and their
relation to the elemental properties, the variation of properties within a column
and how the columns are arranged are examined in some details using numerical
analysis.
When a row of uniform soil-cement columns with isotropic linearly elastic
properties are in point contact and being compressed laterally, the mobilised mass
behaviour is non-linear though the elemental behaviour is linear elastic; and the
laterally mobilised mass stiffness is around 22% of the elemental material stiffness.
This one single fact highlights the important need in practice to distinguish the
mobilised mass properties that should be used for design from the elemental prop-
erties that are obtained from cores. The non-linearity comes from the geometry
arrangement. The gradual growth of contact path upon loading mobilises more
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parts of the soil-cement columns, therefore the mass stiffness increases upon ini-
tial loading. This effect becomes less significant once the columns are arranged to
overlap with each other because even a small overlap can help mobilise a larger
part of the columns right from the start of loading. Non-linearity can also arise
from the yielding of materials in the columns. Once the elemental shear stresses
reach yielding, a part of the material will yield and the mass stiffness begins to
drop.
Overlapping the uniform soil-cement columns in a row helps to improve the
mobilised initial mass stiffness of the soil raft. For the degree of overlap that is
common in practise (L = 0.779m for column radius of 0.9m), the mobilised mass
stiffness of one row of overlapping, uniform columns is about 70% of the elemental
material stiffness. The recognition of the importance of overlap calls for better
quality control when installing deep mixing or jet grouting soil-cement columns
since the site is usually muddy and precise positioning of the soil-cement columns
is difficult. As shown in the analysis, the actual overlap can have drastic effects
in the mobilised mass properties of the soil raft.
The soil-cement columns often have layered properties and when layered
columns are in arranged in one row, it is important to understand the interac-
tion between the layering and the overlap. At large overlap (i.e. L = 0.880m)
with low stiffness ratios, the inner layers are able to mobilise to high stresses and
thus the mobilised mass stiffness can be high when the inner layers are assigned
with stiff materials. On the other hand, at small overlap or at large overlap with
high stiffness ratios, the mobilised mass stiffness is high when the outer layers are
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stiffer. However, in all cases, if the outer layers are stiffer than the inner layers, the
mobilised mass stiffness starts to drop at a larger mass strain. This is important
in the control of wall deflections in an excavation and shows the importance of
ensuring a stiff outer layer.
As a result of the above understanding, it is clearly important to know layering
profiles of the soil-cement columns in the field. A practical recommendation is that
for characterizing the properties of an embedded improved soil raft, at least two
core samples located less than a radius apart have to be taken to have a better
idea of the layering profile of the in-situ soil-cement columns. The stiffness to be
used in design should then be the mobilised stiffness, which is always smaller than
the elemental stiffness. While this is still not perfect, it will provide a better idea
of the likely variation of properties within a column and therefore allow a better
estimation of the mobilised mass which need to take into account the geometry
arrangements as well as the possible variation in the elemental properties.
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Table 4.1: Elemental material properties for the layered columns
Material Parameters Stiffer Layer Less-stiff Layer
Young’s Modulus: E 300 MPa 75 MPa
Poisson’s Ratio: ν 0.495 0.495
Cohesion Yield Stress: c 1500 kPa 375 kPa
Friction Angle: φ (o) 0 0
Dilation Angle: ψ (o) 0.01 0.01











summation of strength of
column & soil
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Fig. 4.1: Mobilised mechanics of soil-cement treated ground: (a) Embankment
loading; (b) Excavation loading



























































































a) Poorly−mixed soil as outer layer b) Well−mixed soil as outer layer




















a) Point contact b) Overlapping c) Equilateral triangular grid
R L
L: Overlap parameter; R: Column radius
L
Fig. 4.3: Geometric configurations of studies conducted
Figures: Chapter 4 107














































Step: LOAD, ANALOGY: TWO LAYERED; R=0.9M
Increment     52: Step Time =    1.000
Primary Var: S, Mises
ANALOGY: OUTER LAYER STIFFER




Fig. 4.5: Model and boundary conditions for simulation of Hertz contact problem
and the analogy
Figures: Chapter 4 108






















Mass stiffness normalised to
stiffness of the column
Fig. 4.6: Normalised mass stiffness of two columns in Hertz contact




































Stiffness: Stiffer layer 300 MPa
Less stiff layer 75 MPa
Fig. 4.7: Mass behaviour of columns as arranged in the analogy
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Step: STP_LOADING, COMPRESSIVE LOADING ON LAYERED COLUMNS
Increment     52: Step Time =    1.000
Primary Var: S, Mises
3D ANALYSIS OF LAYERED COLUMNS (0.880)



















Step: STP_LOADING, COMPRESSIVE LOADING
Increment     52: Step Time =    1.000
Primary Var: S, Mises
3D; CONVERGENCE TO ELEMENTAL MATERIAL; OVERLAPPING PARAMETER 0.850



















Step: STP_LOADING, COMPRESSIVE LOADING
Increment     52: Step Time =    1.000
Primary Var: S, Mises
COMPRESSIVE LOADING ON LAYERED COLUMNS



















Step: LOAD, ANALOGY: TWO LAYERED; R=0.9M
Increment     52: Step Time =    1.000
Primary Var: S, Mises
ANALOGY: OUTER LAYER STIFFER




Fig. 4.9: Model and boundary conditions for simulation of uniform soil-cement
columns at different degrees of overlap
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Overlap parameter: L=0.900m (Point contact)

















Step: LOAD, UNIFORM COLUMNS: L=0.850M
Increment      4: Step Time =   5.5000E-02
















Step: LOAD, UNIFORM COLUMNS: L=0.880M
Increment      4: Step Time =   5.5000E-02
















Step: LOAD, UNIFORM COLUMNS: L=0.897M
Increment      4: Step Time =   5.5000E-02
















Step: LOAD, UNIFORM COLUMNS: L=0.900M
Increment      4: Step Time =   5.5000E-02
Primary Var: S, Mises
Fig. 4.11: Von Mises stress contours for uniform soil-cement columns at different
degrees of overlap
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Fig. 4.12: Mass stiffness at 0.8% mass strain with overlap parameter L

















































IS: Inner: 300 MPa; Outer 75 MPa
OS: Inner: 75 MPa; Outer 300 MPa
Results normalised to 75 MPa
Fig. 4.13: Interaction of overlapping and layering: increase of overlap for uniform
soil-cement columns
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L880: IS : SRx4
L880: OS : SRx4
L880: IS : SRx32
L880: OS : SRx32
L880: IS : SRx48
L880: OS : SRx48





















Normalised to lower stiffness

















Step: STP_LOADING, LAYERED COLUMNS; L=0.880M; INNER LAYER STIFF; SR=4
Increment      3: Step Time =   3.5000E-02



















Step: STP_LOADING, LAYERED COLUMNS; L=0.880M; OUTER LAYER STIFF; SR=4
Increment      3: Step Time =   3.5000E-02



















Step: STP_LOADING, LAYERED COLUMNS; L=0.880M; INNER LAYER STIFF; SR=48
Increment      3: Step Time =   3.5000E-02



















Step: STP_LOADING, LAYERED COLUMNS; L=0.880M; OUTER LAYER STIFF; SR=48
Increment      3: Step Time =   3.5000E-02




Fig. 4.15: Von Mises stress contours for overlapping soil-cement columns: Stiffness
ratio of 4 and 48
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Fig. 4.16: Normalised initial mass stiffness for one row of overlapping columns
















Volume ratio: Outer layer 90%
Volume ratio: Outer layer 70%
Volume ratio: Outer layer 50%
Volume ratio: Outer layer 30%
Volume ratio: Outer layer 10%
Fig. 4.17: Normalised initial mass stiffness for multiple overlapping soil-cement
columns
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Normalised to outer layer stiffness
Normalised to inner layer stiffness
Fig. 4.18: Normalized initial mass stiffness for multiple overlapping soil-cement
columns: Volume ratio 50%
Chapter 5
Mass Properties: Lateral
Compression & Basal Uplifting
5.1 Introduction
In an excavation supported by an embedded improved soil raft, the removal of
soil on the side to be excavated will cause stress imbalances in both the horizontal
and vertical directions. As a result, the embedded improved soil raft is mobilised
to resist the inward moving retaining walls in the lateral direction as well as the
likely heave of the underlying soil due to the reduction of overburden load. Tanaka
(1993) studied an excavation supported by a layer of treated soil below formation
level and found that while the horizontal resistance provided by the improved
soil layer was high, the resistance against vertical heave was low. Fig. 2.6 shows
the proposed displacement pattern of the treated layer in the excavation obtained
from the back-analysis of data from field measurements (Tanaka, 1993). Clearly,
to be effective, the embedded improved soil raft will have to be able to resist both
set of actions. But what is clearly more complicated is the effect of the combined
actions on the embedded improved soil raft. As shown in the earlier chapter, the
design parameters used to represent the embedded improved soil raft are typically
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based on the expected mobilised action. Thus, to be more reliable, the effect of
the combined action on the mobilised parameters needs to be assessed.
Another complication when assessing the mobilised actions on an embed-
ded improved soil raft is the presence of holding piles that are typically installed
through the embedded improved soil raft and anchored in a harder stratum below
(Lee et al., 1994; Shirlaw et al., 2005a). These piles are installed for a variety of
purposes; they could be the future foundation piles for structure to be built above
the present excavation or king posts installed to support working platform and to
provide support for strutting and bracing. The presence of these piles will help
to hold down the soil raft against the uplifting pressures, hence the term holding
piles. But its very presence adds another layer of complexity to the problem, since
the design parameters are based on mobilised properties.
In reality, because of the way it is constructed, an embedded improved soil
raft is essentially a group of overlapping short soil-cement columns which, during
an excavation, are compressed laterally, subject to basal uplifting pressures, and
will interact with holding piles simultaneously. As discussed in Chapter 4, the
properties of soil-cement columns formed in the field were often not homogeneous,
even across the radial direction within a single column (Kawasaki et al., 1984).
It was shown that the mobilised mass properties of an embedded improved soil
raft in an excavation, even when subjected to lateral compression alone and when
the soil-cement columns were homogeneous, were not the same as those obtained
from laboratory tests on cored samples in the vertical direction. When the soil-
cement columns were heterogeneous, this difference became greater. Chapters 3
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and 4 have demonstrated this in a systematic way and this observation has also
been reported in numerous actual field observations where the mobilised mass
properties were less than the elemental properties from cored samples (Nakagawa
et al., 1996; Pickles and Henderson, 2005; O’Rourke and McGinn, 2006; Wong and
Goh, 2006).
To understand the effects of each of these factors, namely the lateral compres-
sion, the inevitable uplifting and the presence of holding piles, and how they can
interact each other and impact the actual mobilised mass properties will require
three-dimensional analysis. Fig. 5.1(a) shows a schematic drawing of the geome-
try and boundary conditions of an embedded improved soil raft in an excavation.
The plan and front view sections shown in Figs. 5.1(b) and (c) respectively, can
be used for two-dimensional plane strain analyses if more simplified analyses are
needed due to cost in time and computing resources to build and run a three-
dimensional numerical model. A two-dimensional plane strain analysis based on
the plan view can take into account the layering within a soil-cement column and
the overlapping among neighbouring columns but not the basal uplift or interac-
tion with holding piles (circles in dashed line in Fig. 5.1(b)). On the other hand,
the latter two factors can be studied in an analysis based on the front view section,
but it will be necessary to model the embedded improved soil raft as homogeneous
block assigned with equivalent material properties and holding piles have to be
smeared into two-dimensional continuous walls. While the above practice is suit-
able and often used for some routine design needs, to have a proper understanding
of the actual interactions, as is the case in this study, it is necessary to perform
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three-dimensional analysis to avoid these inherent limitations in two-dimensional
plane strain analyses.
In this chapter, three-dimensional numerical analysis is conducted to study
the mobilised mass properties of an embedded improved soil raft subject to lateral
compression and at the same time basal uplifting. Some of the key influencing
factors such as basal uplift, layering of soil-cement columns, thickness of the soil
raft, non-perfect treatment and holding piles are examined. The impact of mod-
elling an embedded improved soil raft with holding piles using two-dimensional
plane strain analysis based on the front view section is also discussed. All numer-
ical simulations were completed using the general purpose finite element package
ABAQUS (HKS, 2003) unless otherwise stated.
5.2 Confining Pressures
5.2.1 Variation of Confining Pressures
In order to study the effects of confining pressures on the mobilised mass behaviour
of an embedded improved soil raft, it is necessary to know how the confining
pressures acting on the soil raft actually vary throughout an excavation. Fig.
5.6 shows variation of vertical total stresses on the top and the bottom of an
embedded improved soil raft in an excavation in soft soil. This two-dimensional
plane strain excavation analysis was completed using finite element code PLAXIS
version 9.02 (PLAXIS, 2009). The excavation, stabilised by 10 m of improved
ground, is about 60 m wide and 13 m deep and is currently on-going in Marina
South area in Singapore. The 15-node triangular element in PLAXIS was used.
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The finite element meshes and the material properties for this excavation analysis
are shown in Figures 5.2 to 5.5.
The first interesting observation is that the pressure acting on the upper face
of the embedded improved soil raft starts to drop immediately, reflecting the
removal of overburden (excavation increment 9 in Fig. 5.6) due to excavation,
but the bottom face pressure does not change much throughout this round of
excavation. This leads to an increasing difference between the pressures acting on
the top and the bottom faces, and the net difference results in a net pressure that
is acting to lift the embedded improved soil raft up and such “uplifting pressures”
need to be considered in assessing the mobilised mass behaviour of the improved
soil raft. But to systematically study the effects of confining pressures on the mass
behaviour of an embedded improved soil raft, balanced confining pressures where
the pressures acting on the top and the bottom are the same during loading were
considered first in the three-dimensional model before the simulation of uplifting
pressures. Such “balanced confining pressures” were used by Liao and Su (2000)
in their study on the impact of rotating major principle stresses on the mobilised
behaviour of the partially improved soil layer for an excavation.
5.2.2 Balanced Confining Pressures
As a first step to study the effects of confining pressures, balanced confining pres-
sures on the top and the bottom were applied to embedded improved soil raft in
three-dimensional model. Finite element meshes for the analysis are shown in Fig.
5.7. In this series of analysis, the soil raft is compressed laterally and at the same
time subjected to balanced confining pressures. The mobilised mass stiffness and
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the applied confining pressures were normalised to the elemental material stiff-
ness, which is around 200 MPa in the field (Wen, 2005) and shown in Fig. 5.8. In
a typical excavation of 20 meters deep, the range of confining pressures is about
300 kPa, thus the normalised confining pressures that a soil raft would undergo is
about 0.0015. Fig. 5.8 shows that increasing the confining pressures can increase
the magnitude of the mobilised mass stiffness as the confining pressures are con-
straining the movement of soil-cement columns in the vertical direction to certain
degree. But for the typical range of normalised confining pressure in an excavation
of 20 meters, the impact on the magnitude of mass stiffness is limited. But when
uplifting pressures, which are not balanced between the top face and the bottom
face and acting on the soil raft, are considered, lateral stress distributions across
the embedded improved soil raft will be affected. This would further influence the
mass strain where mass stiffness starts to drop, which will be examined next.
5.2.3 Uplifting Pressures
To be able to evaluate the effect of uplifting pressures on the performance of
an embedded improved soil raft, it is necessary to carry out three-dimensional
analysis. In the next set of analyses, a three-dimensional model is used, and
the net uplifting pressure imposed on the raft was actually modelled by keeping
the bottom face pressure constant and gradually reducing the pressure acting on
the top face. This approach was adopted as it could simulate the changes in
the confining pressures that an embedded improved soil raft in excavation would
undergo (Fig. 5.6). The soil-cement columns in the simulations were divided into
two layers with equal cross-sectional area and the material properties are shown
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in Table 4.1. Two sets of analyses were conducted. In one set, the outer layer
of soil-cement columns was assigned with stiffer properties and the inner layer
assigned with less stiffer properties, while in the second analysis, this ordering
was reversed. In both sets of analyses, potential separation between the soil raft
and the retaining walls are not allowed. The effects of such potential separation
will be discussed in a later part of this section.
The mobilised mass stress, strain and stiffness of a soil raft under lateral
compression and different amount of uplifting pressures are shown in Fig. 5.9.
Compared to the case where uplifting pressures are not applied [the no-uplift
case], the magnitude of the mobilised mass stiffness does not change much when
uplifting pressures are activated. But in both sets of analyses, the mobilised mass
stiffness starts to drop at a smaller mobilised mass strain when uplifting pressure
increases. In an excavation, the uplifting pressure is related to the depth of the
embedded improved soil raft because it is induced by imbalance of pressures in
the vertical direction when soil above the soil raft is removed or excavated. As
the embedded improved soil raft is designed to support a deep excavation, this
set of results suggests it is important to check the mobilised mass strain because
beyond a certain mass strain level, the embedded improved soil raft would quickly
lose its mass stiffness. This point is seldom addressed as most design analyses
are two-dimensional and use equivalent stiffness. As this drop is significant and
thus has the potential for a catastrophic behaviour, it is absolutely critical that
the design must ensure that the actual level of mobilisation is kept well below this
expected level, as is the case for all design with potential for a catastrophic failure.
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This would translate into the control of associated ground movements, the very
purpose of using an embedded improved soil raft for an excavation.
It can also be seen in Fig. 5.9 that when the outer layer is assigned with a
stiffer property compare to the inner core, the mass stiffness is about 3% higher
than the case when the layering is in the reverse order, namely a softer exterior
covering a stiffer interior. Besides the magnitude, the threshold mass strain where
mass stiffness starts to drop is also larger for an embedded improved soil raft if
it is made of columns with a stiffer outer layer. In other words, for an embedded
improved soil raft composed of overlapping short columns, a stiffer outer layer in
each column helps to increase the magnitude of the mobilised mass stiffness as
well as extending the range where the mobilised stiffness is maintained without
significant deterioration. In the two cases analysed, the cross-sectional areas for
the two layers are the same and this reinforces the observations in Chapter 4 that
the contribution of different layers of a soil-cement column to the mass behaviour
is different. As has been pointed out throughout this thesis, the quality of the
soil-cement columns in the field, particularly that of the outer layers play a key
role in determining the performance of the improved soil raft.
The introduction of uplifting pressures into a three-dimensional model affects
the distribution of lateral compressive stresses within the embedded improved soil
raft as shown in Fig. 5.10. The lateral compressive stress increases in the top of
the right hand side section and the bottom of the middle section of the embedded
improved soil raft. At the same mass strain level, higher compressive stresses are
mobilised in these zone compared to the case where uplifting pressures are not
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modelled. As excavation continues, stresses in this zone reach elemental material
yielding strength and mass stiffness then starts to drop at smaller mass strain.
It is noted during analysis that when uplifting pressures are modelled, tensile
stresses develop at the bottom of the two ends of an embedded improved soil
raft if no separation is allowed between the soil raft and the retaining wall. Fig.
5.11 shows the lateral stress distribution along the right hand side section. At
mass strain of 0.35%, high tensile stresses develop at the bottom of the section
as compared to the case where separation is allowed. It has been reported by
many researchers that the tensile strength of soil-cement mixture is only about
20% of its compressive strength (Porbaha, 2000a; Namikawa and Koseki, 2007).
It was also pointed out by Shirlaw (2003) that it is a challenge to ensure quality of
soil-cement mixture in the zone close to retaining walls. Such high tensile stress
is therefore not likely to develop in the field. In studying the behaviour of an
embedded improved soil berm in excavation in a centrifuge, Zhang (2004) showed
that modelling separation at the interface of a soil berm and the retaining wall
was very important and such separation has a significant impact on the bending
moment profiles of the retaining wall.
To evaluate the impact of allowing separation at the interfaces between soil
raft and retaining walls, two more analyses were performed, namely a case where
soil raft and the retaining walls were not allowed to separate and another where
such separation was automatically activated when tensile stresses were detected
at the interface between soil raft and the retaining walls. The thickness and the
length of the soil raft for this analysis series are 3 m and 33.6 m respectively.
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Parametric studies of other thickness over length ratios will be discussed in next
section. Fig. 5.12 shows the mobilised mass behaviour for this set of analyses.
It can be seen that when the uplifting pressure is 100 kPa, the mobilised mass
behaviours of the soil raft in the two cases are quite similar until a mobilised mass
strain of 0.8%. If the uplifting pressure is increased to 150 kPa, the mobilised mass
stiffness for the case where separation is allowed increases at the start of loading,
but quickly deteriorates as the soil raft is further loaded. Such trend becomes
more pronounced when a uplifting pressure of 200 kPa is applied. The results
suggest that at this level of uplifting, the behaviour of whole embedded improved
soil raft is “unstable”, that is it is failing! A check into the model shows that
the soil raft has bent excessively under such combination of uplifting pressure and
thickness over length ratio and the numerical results produced are no longer that
meaningful. On the other hand, for the above range of uplifting pressures, in the
case when no separation is allowed, a typical assumption in many design analyses,
the mobilised behaviour fails to capture such “unstable” behaviour. This is due
to the fact that in this analysis, the artificial high tensile stresses that seem to
have developed at the interface between soil raft and retaining walls is holding
down the whole soil raft from excessive bending which in the field would have
taken place. Such separation was also observed by Zhang (2004) in his centrifuge
experiments. As this separation is real, in all subsequent analyses, separation
between the embedded improved soil raft and the retaining wall is allowed.
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5.3 Thickness of Soil Raft
The combination of lateral compressive loads and basal uplifting pressures tends
to lift the embedded improved soil raft upwards, causing some amount of bending.
Intuitively, for an embedded improved soil raft of the same length, a thicker soil
raft should have a higher capacity to resist the combined loads of compression and
bending. A parametric study was performed to examine the behaviour of a soil
raft with different ratios of thickness to length (T/L). The chosen range of T/L
reflects the practical geometry of embedded improved soil raft in field, i.e. for a
length of 20 m, the thickness varies from 1.8 m to 3.0 m. For this range of T/L
ratio (0.09 to 0.15), the magnitude of the initially mobilised mass stiffness, which
is the value when no uplift is applied, in other words, no bending, does not change
much according to earlier analysis results.
Fig. 5.13 shows the impact of T/L ratio on the threshold mass strain where
the mobilised mass stiffness starts to drop appreciably. Under the same uplift-
ing pressure, the mass stiffness of an embedded improved soil raft starts to drop
appreciably at a higher threshold mass strain when T/L ratio is higher, in other
words for a thicker raft. On the other hand, for the same T/L ratio, a higher
uplifting pressure reduces the mobilised threshold mass strain where the mass
stiffness starts to drop, consistent with what have been analysed in previous sec-
tion. There are only two data points for T/L ratio 0.0893 because application of a
uplifting pressure higher than 150 kPa will lead to large uplift and the numerical
analysis becomes unstable. For a higher T/L ratio, a similar trend is observed but
at a higher uplift pressure. Such instability suggests that the improved soil raft
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has failed. This then also demonstrates that the presence of the uplift pressure
will increase the likelihood of a catastrophic failure. As the uplifting pressure
acting on an embedded improved soil raft is caused by the removal of overburden,
thus its magnitude is related closely to the depth of embedded improved soil raft
and also the amount of overburden removed. What this analysis has shown is
that the deeper is the location of the embedded improved soil raft and the more
uplift pressure it will be subjected to and this will reduce the threshold strain
level in which the stiffness will start to deteriorate significantly. Arising from this
understanding, an important lesson is that it is necessary to increase the T/L
ratio of an embedded improved soil raft to ensure its effectiveness to control wall
movements and associated ground movements when the excavation is expected to
be very deep as this will mean the need to locate the improved raft deeply and
then to have to remove a significant amount of overburden above it, leading to
the development of a significant uplift pressure.
5.4 Non-Perfect Treatment
5.4.1 Untreated Zone
An embedded improved soil raft, as had been described many times in this thesis,
really consists of a raft of overlapping columns. These short columns are often
installed at great depth below the ground level before excavation has commenced.
The integrity of the raft is thus an important consideration, and while this is
very much dependent on workmanship, it is inevitable in such a situation that
there will be imperfections in the installation. The interesting question then is
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how much imperfections can such an embedded improved soil raft system adsorb
before the mobilised properties begin to deteriorate appreciably?
This section will examine the impact on the mobilised properties in cases
where one or more soil-cement columns are left untreated, so as to simulate de-
fects in such construction. Obviously, the impact of the untreated zone is related
to its percentage within the whole soil raft. When the percentage of untreated
zone is small, its impact on the mass behaviour may be negligible, while if the
untreated zone is sufficiently large, it will start to affect the proper functioning
of an embedded improved soil raft. An important consideration is whether there
exists a threshold percentage beyond which the impact of untreated zone becomes
significant. To examine this postulation, a series of numerical simulations was
carried out.
If one column is left untreated in an embedded improved soil raft, the shape
of the untreated zone will be similar to that shown in Fig. 5.14. When there
are two or more columns left untreated, the untreated zones might be distributed
such that they are parallel or perpendicular to the loading direction of the inward
moving retaining walls. It would also be possible that the untreated zones are
randomly distributed within an embedded improved soil raft. These three types
of distributions were first considered in the study of the impact of different con-
figurations of untreated zones. Up to six untreated zones were considered and
their arrangements for the different cases are shown in Fig. 5.15. In the numerical
models, the untreated zones were assigned with the material properties of the in
situ soils, and were given stiffness and strength which were one percent of those of
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the improved zones (Tab. 5.1). In the three-dimensional analysis, an uplift pres-
sure of 100 kPa was imposed and then the raft is subjected to varying compressive
loads.
Fig. 5.16 shows the normalised initial mass stiffness profiles for different
amounts of untreated zones. Generally, the normalised initial mobilised mass
stiffness reduces as the percentage of untreated zone increases, a trend that is ex-
pected. In the case where the untreated columns were arranged perpendicular to
the compressive load direction, the mobilised mass stiffness had the most signifi-
cant reduction among the three scenarios. For a percentage of untreated volume
less than 3%, or 6 out of a total of 158 soil-cement columns in this set of analyses,
the reduction can reach close to 30%, which is very significant. On the other hand,
if the defective piles were parallel to the compressive load direction, for the same
amount of defective piles, the reduction was only about 6%. If the untreated zones
were randomly distributed within an embedded improved soil raft, the reduction
in the initial mass stiffness was in between the perpendicular case and the parallel
case. Thus, not only is the number of defective piles important, but the way these
piles are arranged is actually more important.
In the numerical analysis for the case where the missing piles were arranged to
be perpendicular to the compressive load direction, up to six untreated zones were
modelled. The first four untreated zones were arranged such that they were not in
contact with each other - each untreated zone is at least one column diameter away
from others. Subsequently, two more untreated zones were added in, and these
were added in such that they formed a connected untreated zone with previously
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assigned untreated zones. Once a connection of untreated zones is formed, a
sudden reduction in the mobilised mass stiffness is clearly observed as shown by
the 5th and 6th solid square markers indicating 2.30% and 2.83% respectively in Fig.
5.16). Another perpendicular case was analysed where such connected untreated
zone was arranged to occur when there were three untreated zones across the whole
soil raft. Further untreated zones were still arranged to be at least one column
diameter away from previously assigned untreated zones. The results for this case
are also shown in Fig. 5.16 (open square markers). It can be seen that the sudden
drop in the normalised initial mass stiffness now occurs when the third untreated
zone is included and after that the rate of decrease moves back to roughly the
same level.
The above analysis shows that the reduction in the mass properties is related
to how the defective piles are distributed in an embedded improved soil raft. The
reduction can be different even for the same number of defective piles as shown
in Fig. 5.16. When the defective piles are arranged to be perpendicular to the
load directions (and thus parallel to the wall), the most significant reduction is
observed. Also in such case, an increased rate of reduction occurs if a connection
in the untreated zones is formed. The load on an embedded improved soil raft
in an excavation primarily comes from retaining walls moving inwards. This load
needs to be transferred from one wall to the opposite wall. When the untreated
zones are parallel to the load directions, only a small fraction of the load transfer
path is severely affected. In an extreme case where all the soils along one parallel
zone is left untreated, the embedded improved soil raft is essentially broken into
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two small soil rafts and its function would not be severely compromised. The high
compressive loads can still be transferred.
This behaviour is essentially similar to the previous analyses where outer layers
are shown to be more important than the inner layers in resisting the external
lateral compressive loads. If only the properties of the inner layers are reduced, the
outer layers can still act like stiff shells that connect with each other to resist the
external loads. An opposite arrangement in properties of the inner and the outer
layers would leave the stiffer inner layers unconnected and the overall behaviour be
dominated by the less stiff outer layers. For the case where untreated zones appear
perpendicular to the load directions, connections in the load transfer path are
gradually cut off. This affects the mass behaviour and its effect is more pronounced
when a connection between several untreated zones occurs. The implications of
such results will be discussed after further analysis of the random case in the next
section.
5.4.2 Further Analysis of Random Cases
It has been shown in the previous section that when defective columns are ran-
domly distributed across an embedded improved soil raft, the induced reduction
in the mobilised mass stiffness is in between the perpendicular and the parallel
cases. Obviously, it is of interest to know whether such results are dependent on
how the “randomness” is seeded in the soil raft. In other words, if another set of
randomly distributed defective piles are assigned in the model, will the reduction
in the mobilised mass stiffness be the same as that from the previous random
case?
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Fig. 5.17 shows two cases where untreated zones are randomly distributed
across an embedded improved soil raft. Random Case One (left in Fig. 5.17) has
been analysed in the previous section. Same model from the previous section was
used for Random Case Two but the untreated zones were assigned differently as
shown in the figure. The mobilised mass stiffnesses for the two random cases are
very close to each other shown in Fig. 5.18. This suggests that when defective soil-
cement columns are distributed randomly, neither in perpendicular nor in parallel
to the loading direction in an embedded improved soil raft, their impact on the
mobilised mass properties is independent on how the randomness is seeded.
In both of the two random cases, the mobilised mass stiffness gradually de-
creases as the percentage of untreated zones increases (Fig. 5.18). It is then of
interest to check if there exists a turning point in the curve at which the mobilised
mass stiffness suddenly drops when the percentage of untreated zones is beyond
certain threshold value. Since the impact on the mobilised mass properties is
independent on how the randomness is seeded, Random Case Two was further
analysed and up to 20 randomly distributed defective piles were modelled in the
further analysis as shown in Fig. 5.19. The results for this analysis were plotted
together with the previous analysis results in Fig. 5.20. It is seen that there
exists no such turning point as postulated earlier on. The mobilised mass stiff-
ness continues to decrease almost linearly as the percentage of untreated zones
increases. Another point noted during the analysis of defect columns was that
high stress concentrates around the defect columns. For example, for five defect
zones as shown in right hand side of Fig. 5.21, the yielded parts shown in right
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hand side of figure mainly occur around the defect zones. Since this is the random
distribution case, the yielded parts of the soil raft are not connected and thus as
a whole, the soil raft can still take up some more loads.
For 20 randomly distributed defective piles in the model, the reduction in the
mobilised mass stiffness is about 30% while in previous section, it has been shown
that this amount of reduction can be reached if 6 defective piles are distributed per-
pendicular to the loading direction. This echoes the previous observation that the
number of defective piles is important, but how such defective piles are distributed
is in fact more important. Arising from these understandings, it is suggested that
if one defective soil-cement column is found during quality check of an embedded
improved soil raft in the field, cores should be taken at nearby columns in order to
know the likely distribution of the defective columns, in particular if a connection
of the untreated zones in perpendicular to the load direction is formed because of
its severe impact on the mobilised mass stiffness. It is then possible to arrive at a
better assessment of the likely impact of the defective piles on the mobilised mass
behaviour based on the number of the defective piles as well as the way they are
distributed in the soil raft.
5.5 Holding Piles
In an excavation, piles are often provided for a number of reasons such as these
are the permanent piles which need to be installed first or they are the king-posts
needed to support the working platform. When an improved soil raft is present,
these piles are often bored through the raft, and once installed, they help to hold
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the improved soil raft down, contributing significantly to the basal stability of the
excavation. Sometimes, these piles are provided for the sole purpose of improving
basal stability (Lee et al., 1994). Ho et al. (2002) reported significant interaction
between installed bored piles and a jet grouted layer comprising of overlapping
soil-cement columns. Their aim was to check how the improved soil layer affects
the pile bearing capacity. Their study showed that the jet grouted layer was able
to attract a significant percentage of vertical loads from the pile through inter-
facial interaction, which contributed to the increase of bearing capacities of the
piles in both compression and tension pile load tests. Similar observations were
reported by Shirlaw et al. (2005a) in an analysis of load test on a pile bored
through a jet-grouted layer. The above two studies, concerning the performance
of the bored piles, showed that, through inter-facial interaction, an improved soil
layer can affect the behaviour of bored piles. In a similar way, it is to be expected
that the holding piles will in turn have an impact on how the improved soil raft will
be mobilised. Clearly, then, if equivalent mobilised mass properties are needed for
analysis purpose, such parameters will be affected by the presence of the holding
piles.
5.5.1 Effects of Holding Piles
When holding piles are installed through the improved soil raft and keyed into
hard stratum to hold down the soils, it will contribute significantly to the basal
stability. To model and compare the effect of this “holding down”, a set of numer-
ical analyses was conducted in which the holding piles were fixed in the vertical
direction while keeping all other geometry, loading and boundary conditions the
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same as those of a previous three-dimensional analysis without holding piles. The
finite element mesh for the case with holding piles is shown in the left hand side
of Fig. 5.26. Three holding piles of 0.6 m diameter and spaced at 4.85 m centre
to centre along the middle of the soil raft are modelled. The material properties
of the holding piles are shown in Tab. 5.2.
Fig. 5.22 shows the lateral stress distributions that have developed along the
middle section and right hand side section of the embedded improved soil raft.
The lateral stress distribution is more uniform when holding piles are provided
than in the case without holding piles. It means that a soil raft with holding piles
can take further loads before parts of it reach yielding strength. In other words,
one positive effect of the presence of holding piles is to extend the threshold mass
strain where the mobilised mass stiffness starts to drop appreciably as shown in
Fig. 5.23. For example, at an uplifting pressure of 100 kPa, the threshold mass
strain increases from 0.58% if there are no holding piles provided to about 0.63%
when holding piles are provided. This would mean that the embedded improved
soil raft can take more load before the mobilised mass stiffness starts to drop. It
is noted from a previous analysis shown in Fig. 5.13 that when the thickness to
length of the improved soil raft T/L is 0.0893 and no holding piles was provided,
the behaviour became unstable when the applied uplifting pressure exceeded 100
kPa. Now, Fig. 5.23 shows that, with holding piles provided, the same soil raft
can take a much higher uplifting pressure of even up to 300 kPa. In essence, the
additional vertical restraints imposed on the embedded improved soil raft imposed
by the presence of holding piles has the same effects of increasing the T/L ratio.
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The above analysis shows that the presence holding piles to help hold down
an improved soil raft is beneficial in extending the threshold mass strain where the
mobilised mass stiffness starts to drop. Clearly, the effectiveness of such holding
piles depends on the interface zone between the holding piles and the soil raft to
effect this “holding down” of the improved soil raft. Quite often, it is challenging
to maintain a high quality inter-facial zone and the interface zone ends up having
weaker properties than the general zone as reported in a number of earlier studies
(Liao et al., 1994; Ho, 1995; Saitoh et al., 1996; Yoshizawa et al., 1996; O’Carroll
et al., 2004). The impact of weaker properties in the interface zones between the
holding piles and the soil raft is examined in next section.
5.5.2 Interface between Holding Piles and Soil Raft
To check the impact of such interface zone with reduced properties on the mass be-
haviour of the soil raft, analyses were performed in which a small zone around the
holding piles (Fig. 5.24) was assigned with lower Young’s modulus and strength.
The Young’s modulus and the strength of the interface zone were reduced by the
same percentage, i.e. 80%, of the original values. Again, a three-dimensional
analysis was conducted with a thickness over length ratio (T/L) of 0.0893 and
uplifting pressure of 100 kPa was applied. During the analysis, separation be-
tween the soil raft and the retaining walls is allowed if the program detects tensile
stresses between the soil raft and the retaining walls.
Fig. 5.25 shows the threshold mass strain level where the mobilised mass
stiffness starts to drop for different amounts of reduction in the properties of the
interface zone. The beneficial effects of holding piles are that the soil raft can have
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a larger threshold mass strain. Such beneficial effects are gradually reduced as the
interface zone is filled with less-stiff materials. When the material properties of
the interface zone are 60% of those in the perfect case, a magnitude of variation
that has happened in the field based on reported studies (Ho, 1995; Yoshida,
1996; Yoshizawa et al., 1996; O’Carroll et al., 2004), the beneficial effect of the
presence of such piles is significantly reduced. In fact, for the 60% reduction
case, the threshold mass strain level is close to the value for the case where no
holding piles have been provided. In these analyses, the interface zone is small and
localized around the holding piles. Such zone with reduced properties, if randomly
distributed across the soil raft as shown in earlier analyses, may be well tolerated
by the soil raft. But clearly in this analysis series, the interface zone, though
small, can negate a large part of the beneficial effects of the holding piles.
5.5.3 Modelling of Holding Piles
It is much more time consuming to build a model for three-dimensional finite el-
ement analysis and the computational resources needed is also considerably more
significant than a two-dimensional analysis (Potts and Zdravkovic´, 2001). Hence,
for many problems in actual geotechnical engineering design, it is still a common
practise for engineers in design offices to resort to two-dimensional analysis and
it is inevitable that some idealisations are introduced in modelling process. Two
idealisations are involved in a two-dimensional plane strain analysis of front view
section of an embedded improved soil raft with the presence of holding piles (Fig.
5.1(c)). The first is to assume that the embedded improved soil raft is homoge-
neous and assign with representative material properties to it; the second is to
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smear three-dimensional holding piles into two-dimensional continuous walls. In
both these idealisations, it is inevitable that some errors will be introduced into
the two-dimensional model and it is important to understand these errors.
Three sets of simulations were performed to examine the impact of idealisa-
tions in analyzing embedded improved soil raft with holding piles. In the first
set, embedded improved soil raft and holding piles were modelled as they are in
a three-dimensional analysis without the idealisations that have been discussed
previously. The numerical model for this set is shown in Fig. 5.26. In the model,
three piles with diameter of 0.6 m, spaced at 4.85 m centre to centre were in-
cluded. The second set of simulations (Fig. 5.26) was also a three-dimensional
analysis but the holding piles were smeared into two-dimensional continuous walls,
just as what would be done in a two-dimensional plane strain analysis of a front
view section. Smeared properties of holding piles were computed according to
the procedures adopted by Potts and Zdravkovic´ (2001). The layering profiles of
soil-cement columns were kept the same as in the previous set. The last set was
a two-dimensional plane strain analysis. The mass stiffness from the first set of
simulations was taken as input for equivalent material stiffness in the plane strain
analysis. The equivalent material strength value was computed according to the
commonly adopted weighted average method (Porbaha, 2000b).
Fig. 5.27 shows that smearing three-dimensional holding piles into two-
dimensional continuous walls overestimates the threshold mass strain where mass
stiffness starts to drop, even three-dimensional analyses were conducted in both
cases. The overestimation is more pronounced when there are high uplifting pres-
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sures. In two-dimensional plane strain analysis, where the embedded improved
soil raft has to be modelled as a homogeneous layer, further overestimation is ob-
served with low confining pressures in addition to that caused by using continuous
wall to simulate the presence of discrete holding piles. Both these overestimations
error on the unsafe side. To match results of a two-dimensional analysis with
those from the corresponding three-dimensional analysis, then it is necessary to
reduce the material strength of the idealised embedded improved soil raft in the
two-dimensional plane strain analysis so that at the mobilised mass stiffness is
purposely made to drop at smaller mass strain. The dashed line with star mark-
ers shows the results where material strength is reduced by 12%. While the results
match at some uplifting pressures, the differences at other points are fairly large.
While two-dimensional analysis is still the industry norm, what the present anal-
ysis has highlighted is that the error that could occur is on the unsafe side and
thus much more care would have to be taken when interpreting such results.
5.6 Summary
Embedded improved soil raft is often installed below formation level to support
deep excavations in soft soils. Such a raft always consists of a layer of overlapping
short soil-cement columns formed by mixing cement with in situ soft soils. In
reality, the improved soil raft layer is subject to both lateral compression and
basal uplift simultaneously as excavation proceeds. The presence of holding piles,
which can be installed for a variety of reasons, will interact with the improved soil
raft. To be able to study accurately how the holding piles will interact with an
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improved soil raft that is subjected to both lateral compression and uplift forces
will require three-dimensional analysis.
Uplifting pressures affect the lateral stress distributions across embedded im-
proved soil raft. When such a raft is subjected to the combined compressive load
and an uplifting pressure, the bottom of the middle section and the top of the two
end sections are subjected to high compressive stresses which would reach elemen-
tal material yielding strength at a smaller mass strain level. This is why the mass
stiffness of an embedded improved soil raft drops at smaller mass strain when
uplifting pressures are considered in the model. It is noted that a stiffer outer
layer not only contributes to a high magnitude of mass stiffness before yielding
occurs; it also helps to raise the threshold mass strain where yielding starts to
occur. This is helpful in controlling associated ground movements in excavation,
the very purpose an embedded improved soil raft is designed for.
The introduction of uplifting pressures could produce high tensile lateral
stresses if the soil raft and the retaining walls are not allowed to separate in a
numerical simulation. But in practise, the high tensile stress is not likely to de-
velop because of the low tensile strength of soil-cement mixture as well as the
possibility of separation between soil raft and retaining wall. The impact of this
separation is important and so separation between soil raft and retaining wall
should also be modelled in numerical analyses of embedded improved soil raft.
Increasing the thickness over length ratio of an embedded improved soil raft
helps raise the threshold mass strain where mass stiffness starts to drop signifi-
cantly. In the case where the embedded improved soil raft is designed to be located
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at a very deep level where removal of overburden can ultimately creates high up-
lifting pressures, the ratio of T/L should be increased to effectively control wall
deflections and associated ground movements. For an excavation of 20 m deep,
the T/L ratio should be at least 0.1488, that is, 3 m thick if the length is about
20 m.
The impact of untreated zones is related to their distribution within the soil
raft even for the same amount of non-treatment. It causes the most reduction in
the mobilised initial mass stiffness if the defective columns are aligned perpendic-
ular to the load directions. The impact become more pronounced if a connection
is formed between untreated zones. If the untreated zone is randomly distributed,
its impact is much less severe and such impact is independent on how the “ran-
domness” is seeded. This observation points to the suggestion that if an untreated
zone in the embedded improved soil raft is found in the site, it is very important
to check the qualities of those nearby soil-cement columns in order to arrive at a
better estimation of their impact.
The provision of holding piles has the same effects as increasing the thickness
over length ratio in that it will raise the level of the threshold mass strain where
the mobilised mass stiffness starts to drop appreciably. Such beneficial effects
are, however, very much dependent on the properties of the small interface zone
between the holding piles and the soil raft. Two-dimensional plane strain analysis
of an embedded improved soil raft with holding piles is still the industry norm.
The idealisations involved in such modelling process cause overestimation of the
threshold mass strain where the mobilised mass stiffness starts to drop. The error
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that could occur is on the unsafe side and thus much more care would have to be
taken when interpreting such results.
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Table 5.1: Elemental material properties for analysis of non-perfect columns
Material Parameters Stiffer Layer Less-stiff Layer Defect Zone
Young’s Modulus: E 300 MPa 75 MPa 3000 kPa
Poisson’s Ratio: ν 0.495 0.495 0.495
Cohesion Yield Stress: c 1500 kPa 375 kPa 15 kPa
Friction Angle: φ (o) 0 0 0
Dilation Angle: ψ (o) 0.01 0.01 0.01
Table 5.2: Elemental material properties for analysis of holding piles
Material Parameters Holding Piles Smeared Soil Raft
Young’s Modulus: E 450 MPa 202 MPa
Poisson’s Ratio: ν 0.495 0.495
Cohesion Yield Stress: c 2250 kPa 1010 kPa
Friction Angle: φ (o) 0 0
Angle: ψ (o) 0.01 0.01









Continuous walls (smeared holding piles)
Multiple overlapping soil−cement columns
(a) Three−dimensional model: Geometry & boundary conditions
(b) Two−dimensional: Plan view section
(c) Two−dimensional: Front view section
Fig. 5.1: Schematic drawings of embedded improved soil raft
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Fig. 5.2: Finite element mesh for a typical two-dimensional excavation analysis:
Overall view
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Fig. 5.3: Finite element mesh for a typical two-dimensional excavation analysis:
Close-up view
Fig. 5.4: Material properties for plates in the two-dimensional excavation analysis
Fig. 5.5: Material properties for soils in the two-dimensional excavation analysis
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Fig. 5.7: Finite element mesh for three-dimensional analysis: No-separation and
separation at boundary
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Range of confining pressure
in a deep excavation of 20 m:
~ 300 kPa;
Typical elemental stiffness for 
soil-cement mixture: ~ 200 MPa;
Normalised confining pressure:
~ 0.0015
on embedded improved soil raft
Fig. 5.8: Effects of balanced confining pressures on mobilised mass stiffness of
embedded improved soil raft


































IS: Inner: 300 MPa; Outer 75 MPa
OS: Inner: 75 MPa; Outer 300 MPa
Fig. 5.9: Effects of combined loads on mass behaviour of embedded improved soil
raft: T/L = 0.1190 (3m/25.2m); separation not allowed
Figures: Chapter 5 148























 m 0.02% mass strain (uplift)
0.47% mass strain (uplift)
































0.02% mass strain (uplift)
0.47% mass strain (uplift)
0.71% mass strain (uplift)
(b) Right hand side section
Fig. 5.10: Development of lateral compressive stresses in embedded improved soil
raft
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Separation: 0.02% mass strain
Separation: 0.35% mass strain
No separation: 0.02% mass strain
No separation: 0.35% mass strain





































Fig. 5.12: Effects of boundary separation on mass behaviour of embedded im-
proved soil raft
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Fig. 5.14: Shape of untreated zone resulting from one missing column
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Fig. 5.15: Arrangement of untreated zones in four scenarios of distribution of
untreated zones
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Perpendicular case: clustered earlier
3D analysis; T/L: 0.1333 (3m/22.5m)
Uplifting pressure: 100 kPa
Fig. 5.16: Effects of distribution of untreated zone on initial mass stiffness
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Fig. 5.17: Distributions of untreated zones: random case one and random case
two
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3D analysis; T/L: 0.1333 (3m/22.5m)
Uplifting pressure: 100 kPa
Fig. 5.18: Normalised mass stiffness for two sets of random distributions of defect
zone
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Fig. 5.19: Distributions of non-perfect treatment: more defect columns (20 in
total)
0 2 4 6 8 10



























Random Case Two: more defect columns
3D analysis; T/L: 0.1333 (3m/22.5m)
Uplifting pressure: 100 kPa
Fig. 5.20: Normalised mass stiffness for two sets of random distributions of defect
zone: More defect columns
















randomness; five defect columns; pressure 100 kPa



















randomness; five defect columns; pressure 100 kPa




Fig. 5.21: Stress concentration around defect columns
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Compression only: no holding piles
Compression & uplift: no holding piles
Compression & uplift: with holding piles
(a) Middle section





















Compression only: no holding piles
Compression & uplift: no holding piles
Compression & uplift: with holding piles
(b) Right hand side section
Fig. 5.22: Development of lateral compressive stresses in embedded improved soil
raft
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Fig. 5.24: Holding piles and interface zone
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Reduced properties at the interface zone
Without holding piles
T/L: 0.0893 (3m/33.6m)
Uplifting pressure: 100 kPa
Separation allowed at boundaries
between soil raft and wall
Fig. 5.25: Effects of reduced properties at the interface zone on the threshold mass













Fig. 5.26: Numerical models for holding piles (LHS) and smeared holding piles
(RHS) in three-dimensional analysis
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Smeared holding piles: 2D
Smeared holding piles: 3D
Holding piles: 3D
Smeared holding piles: 2D
(12% strength reduction)
Fig. 5.27: Effects of modelling of holding piles on the threshold mass strain where




An embedded improved soil raft is a collection of short overlapping soil-cement
columns that are commonly used to stabilise deep excavation in soft soils. During
excavation, the embedded improved soil raft is subject to mainly lateral com-
pression as well as uplift from the base during excavation under such loading
conditions, the laterally mobilised mass properties of the embedded improved soil
raft are of direct relevance to the control of wall deflections and associated ground
movements. This research aimed to examine the mobilised mass properties of
an embedded improved soil raft in the lateral direction. Finite element analy-
ses have been carried out to examine various influencing factors like geometry
arrangement, layering within soil-cement columns, overlapping, combined load-
ing of lateral compression and basal uplifting, non-perfect treatment and holding
piles. Finite element analyses have also been conducted to back-analyse some
case histories in which the laterally mobilised mass properties in the field were
reported. Some conclusions can be drawn as follows:
• For one row of soil-cement columns arranged in point contact and assigned
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with isotropic linearly elastic material properties, the mass behaviour mo-
bilised upon lateral compression is non-linear. The non-linearity comes from
the contact between the soil-cement columns which initially is a point but
grows as the columns are laterally compressed. The growth in contact helps
mobilise a larger area of the improved soils and thus contributes to the
increase in the mass stiffness. The non-linearity can also arise from mate-
rial yielding once plasticity is introduced into the elemental material model
and the stresses in the soil-cement columns reach the yielding level. The
material yielding would then bring down the mass stiffness of the row of
soil-cement columns. The mobilised mass stiffness in such case is less than
and quantitatively only about 20% of the elemental material stiffness. Such
differences between the mass properties and the elemental properties ap-
pear to account for a major part of the observed discrepancies between the
initially-designed material properties of the embedded improved soil raft
and those back-analysed values reported in some case histories where the
soil-cement columns were arranged in point contact grid. The numerically
simulated results and the reported observations from the case histories point
out the important need to distinguish the mobilised mass properties from
the elemental properties.
• Overlapping the uniform soil-cement columns in a row helps improve the
initially mobilised mass stiffness. A 30% overlap in terms of column radius
in the compressive loading direction can achieve about 80% of the elemental
material stiffness for a row of overlapping soil-cement columns. The impor-
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tance of overlap calls for better quality control in terms of column locations
during the installation of the soil-cement columns in the field.
• The soil-cement columns formed in the field are often not uniform and tend
to have layered properties in the radial direction. It is shown in the analysis
results that the outer layer plays a more important role in determining the
mass properties of the improved soils. Thus, it is suggested that during
quality check of an embedded improved soil raft, at least two cores less
than one radius apart be taken so as to arrive at a better estimation of the
mobilised mass stiffness based on the likely layering profiles.
• It is found in this study that the confining pressures that an embedded im-
proved soil raft would undergo in a typical excavation have little impact on
the initially mobilised mass stiffness level. But uplifting pressures, arising
from the imbalances between the confining pressures on the top and the bot-
tom of a soil raft, can reduce the threshold mass strain where the mobilised
mass stiffness starts to drop. The uplifting pressures may cause separation
at the interface between soil raft and retaining walls. Such potential separa-
tion needs to be considered in modelling the soil raft, otherwise unrealistic
“stable” results may be produced.
• Besides uplifting pressures, the threshold mass strain where the mass stiff-
ness starts to drop is also related to the size of a soil raft, mainly the thick-
ness to length ratio T/L and the holding piles, if present. A thicker soil raft
helps extend the threshold mass strain while such beneficial effects can also
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be gained by installing holding piles throughout the soil raft. In case where
an embedded improved soil raft is designed to be located at very deep level
in an excavation where removal of overburden can create high uplifting pres-
sures, the ratio T/L should be increased for the soil raft to control the wall
deflections and associated ground movements. For a 20 m-deep excavation,
the T/L should be about 0.1488 (about 3 m thick for a length of 20 m) if
holding piles are not provided. The T/L ratio can be reduced if holding piles
are installed. In addition, the effectiveness of holding piles is dependent on
qualities of the interfaces between the holding piles and the soil raft which
are often challenging to maintain in the field.
• Two main idealisations are involved in modelling an embedded improved
soil raft with holding piles using two-dimensional plane strain analysis. The
first is to assume that the embedded improved soil raft is homogeneous and
assign representative material properties to it and the second to smearing
the holding piles into two-dimensional continuous walls. Both these ide-
alisations are shown to cause overestimation of the threshold mass strain
where the mobilised mass stiffness starts to drop. Such overestimations may
be intervened by purposely reducing the equivalent material strength of the
embedded improved soil raft by about 12%. But care must be taken in
interpreting these results.
• In the construction of an embedded improved soil raft, it is possible that
some parts are left untreated. The impact of such untreated zones on the
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mobilised mass stiffness is related to their quantities and more importantly
how these zones are distributed across the soil raft. When the untreated
zones are perpendicular to the loading direction (parallel to the retaining
walls), they induce the most significant reduction in the mobilised mass
stiffness, especially when a connected untreated zone is formed. If the un-
treated zones are randomly distributed, the soil raft can accommodate more
such zones. These observations suggest that if one untreated zone is found
in the field during quality check on the embedded improved soil raft, it is
important to check the qualities of the surrounding soil-cement columns in
order to better assess the impact of these untreated zones based on their
likely distributions.
6.2 Recommendations for Future Studies
The present research has studied the mobilised mass behaviour of an embedded
improved soil raft in an excavation based on assumption that material properties
of the elemental cores are linearly elastic or linearly elastic perfectly plastic. In
these two material models, the behaviour of material under tensile stresses is the
same as that under compressive stresses. Such behaviour is a simplification of what
soil-cement mixture would behave in the field. The tensile strength of soil-cement
mixture is only a fraction, typically 20% of its compressive strength (Porbaha,
2000a; Namikawa and Koseki, 2007). On the other hand, it is noted in this study
that tensile stresses can develop in some parts of the soil raft, especially when
uplifting pressures and holding piles are considered. It would then be of interest
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that future studies can be carried out which distinct the compressive and the
tensile behaviours of elemental material model of the soil-cement mixture.
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Appendix A
Translation of Japanese Texts in
Figures in Chapter 2
Fig. A.1: Back-analysis results of retaining wall deformations after final excavation
(after Shikauchi et al., 1993), original texts see Fig. 2.13
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Fig. A.2: Model setup for studying lateral compression of improved soil model
(after Saito et al., 1994), original texts see Fig. 2.14
Fig. A.3: External load and model horizontal deformations (after Saito et al.,
1994), original texts see Fig. 2.15
Figures: Appendix A 173
Fig. A.4: Model setup and instrumentation of improved soil model under lateral
comparession and basal uplifting (after Ueki et al., 1995), original texts see Fig.
2.16
Fig. A.5: Uplifting pressure and vertical deformation at the centre of the model
(after Ueki et al., 1995), original texts see Fig. 2.17
Figures: Appendix A 174
Fig. A.6: Field measurements and FEM analysis results of horizontal wall defor-
mation (after Ogasawara et al., 1996), original texts see Fig. 2.18
